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I .  

THE DEVELOPMENT O F  DESIGN PRINCIPLES FOR 
PREDICTING THE IGNITION PERFORMANCE~OF 

S O L I D  PROPELLANT ROCKET MOTORS 

In t roduc t ion  

This document is being submitted a s  t he  semi-annual pro- 
g r e s s  r e p o r t  on NASA Grant NGR 31-001-109 f o r  a r e sea rch  pro- 
gram e n t i t l e d :  "The Development of Design P r i n c i p l e s  f o r  
P r e d i c t i n g  the I g n i t i o n  Performance of Sol id  Propel lan t  Rocket 
Motors". The  six-month period covered i n  t h i s  r e p o r t  i s  
October 1, 1968 t o  March 31, 1969. This  r e p o r t  i s  organized 
around t h e  s i x  Research(4Pject ives  l i s t e d  on pages 10  and 11 
of our  1968-69 Proposal .  . The proposal ,  a s  o r i g i n a l l y  sub- 
mi t t ed ,  contemplated a higher l e v e l  of funding than t h e  sum 
a c t u a l l y  gran ted .  NASA budgeting l i m i t a t i o n s  forced a 35% 
r educ t ion  from the  cost es t imate  on which the set  of s i x  
Research Objec t ives  was based. Of necess i ty ,  t he re fo re ,  t h i s  
r educ t ion  is reflected i n  the reduced pace on s e v e r a l  of the 
Research Objec t ives  discussed below. However, d e s p i t e  the 
r educ t ion  i n  e f f o r t ,  s u b s t a n t i a l  progress  has  been made on 
a t  l e a s t  fou r  of the s i x  Research Object ives  l i s t e d  i n  the 
proposal .  The achievements a r e  d e t a i l e d  b e l o w .  

Research Objec t ive  #1: Basic Mechanisms Cont ro l l ing  the 
Thrust Trans ien t .  

A l a r g e  p a r t  of the  e f f o r t  .of t h i s  program has been 
focused on t h e  b a s i c  elements o r  mechanisms w h i c h  p l ay  a 
r o l e  i n  t h e  o v e r a l l  i g n i t i o n  t r a n s i e n t .  These s t u d i e s  have 
been c a r r i e d  out. w i t h  a v a r i e t y  of techniques and i n s t r u -  
mentation. The accomplishments t o  d a t e ,  w h i c h  have been 
m o s t  r e c e n t l y  repor ted  i n  Ref. 2 ,  can be summarized a s  fol lows:  

The processes  of l o c a l  i g n i t i o n ,  subsequent flame spread- 
ing ,  and chamber gas  dynamics have been s tud ied  both by high speed 
photography and by measurement of the  chamber pressure  - t i m e  h i s -  
t o r y .  These s t u d i e s  have confirmed that a d i f f u s e  but de- 
f i n i t e  zone, i d e n t i f i a b l e  as  a flame f r o n t ,  does indeed pro- 
pagate  down t h e  p rope l l an t  s u r f a c e ,  a s  the  flame spreading 
hypothes is  requires. T h i s  flame spreading is a consequence 
of Inca1 hea t ing  t o  a p a r t i c u l a r  c r i t i c a l  i g n i t i o n  tempera- 
t u r e .  Heat t r a n s f e r  s t u d i e s  have confirmed t h a t ,  i n  vigorous 
i g n i t i o n  s i t u a t i o n s ,  the  l o c a l  h e a t i n g  i s  dominated by con- 
v e c t i v e  h e a t  t r a n s f e r  from t h e  ho t  gas boundary l aye r .  There 
seems t o  be no important energy t r a n s f e r  from e i ther  t h e  ad- 
j a c e n t  flame or r a d i a t i o n  from the  h o t  gas - a t  l e a s t  f o r  
smal l  motors. Calor imet r ic  s t u d i e s  of the hea t  loss from 
t h e  flowing gases ,  and thermocouple probing along t h e  motor 
c e n t e r  l i n e ,  both have confirmed the ex i s t ence  of s t rong  
a x i a l  gas phase temperature g r a d i e n t s  dur ing  the induct ion  
i n t e r v a l  and during t h e  e a r l y  p o r t i o n  of the flame spreading 
i n t e r v a l ,  which must be included i n  a complete theory.  
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During t h i s  r e p o r t  period s t u d i e s  have been undertaken 
which focus on two fundamental e l e m e n t s  a f f e c t i n g  t h e  o v e r a l l  
i g n i t i o n  t h r u s t  t r a n s i e n t .  The f i r s t  of t hese  s t u d i e s  was 
concerned wi th  cer ta in  anamolies prev ious ly  observed when 
t h e o r e t i c a l  p r e d i c t i o n s  were cpypared t o  t e s t  f i r i n g s  of 
m o t o r s  wi th  marginal i g n i t e r s .  This led t o  an improvement 
i n  t h e  d e s c r i p t i o n  of t h e  l o c a l  i g n i t i o n  process ,  a s  explained 
below. The second s tudy  was concerned wi th  t h e  gas dynamic 
model f o r  t h e  combustion chamber. The i n i t i a l  formulat ion of 
a more comprehensive model has been completed, which al lows 
f o r  a high subsonic Mach number i n  the  combustion chamber. 
This model is capable  of accu ra t e ly  desc r ib ing  a wider c l a s s  
of rocke t  motors than has  he re to fo re  been considered;  it i s  
explained l a t e r  i n  t h i s  s ec t ion .  

A series of t es t  f i r i n g s  of  a small  l abo ra to ry  s c a l e  
motor was c a r r i e d  o u t ,  i n  which t h e  i g n i t e r  mass flow r a t e  
was p rogres s ive ly  decreased while  t h e  t o t a l  mass d e l i v e r e d  
by t h e  i g n i t e r  was he ld  cons tan t .  When these  t es t  f i r i n g s  
w e r e  compared t o  t h e o r e t i c a l  p r e d i c t i o n s  ( s e e  Research Object- 
i ve  N o .  2 below f o r  a d i scuss ion  of t h e  p r e d i c t  ion method), 
it was found t h a t  t he  q u a l i t y  of t h e  computer p r e d i c t i o n s  
degenerated f o r  increas ingly  maxginal i g n i t i o n  s i t u a t i o n s ,  
i. e . ,  f o r  hangf ires, although ci-.~ c o r r e c t  t r e n d s  w e r e  pre- 
d i c t e d .  The t h e o r e t i c a l  p r e d i c t i o n s  c o n s i s t e n t l y  y i e lded  
longer de lays  i n  t h e  hangf ires chan were observed experiment- 
a l l y .  This i nd ica t ed  t h a t  some sourcs  of energy input  t o  t h e  
g r a i n  had not  been included i n  the  model. 

It is hypothesized t h a t  t h e  diff icul-Ly a r i s e s  i n  t h e  
a r b i t r a r i l y  s i m p l i f i e d  i g n i t i o n  temperature z r i t e r i o n .  This 
c r i t e r i o n  s ta tes  t h a t  t h e  p rope l l an t  is com2Ls:tely i n e r t  
thermochemically u n t i l  a c r i t i c a l  i g n i t i o n  - x 2 e r a t u r e  is 
reached. However, it is  known t h a t  pre-igni;;on r e a c t i o n s  

n t h e  su r face  Tontr ibute  t o  t h e  
This c o n t r i b u t i o n  t u r n s  ou t  t o  

i n  t h e  gas phase a 
h e a t i n g  up process  
be  n e g l i g i b l e  i n  vigorous hea t ing ,  r ap id  flame spreading 
s i t u a t i o n s ,  b u t  it becomes s i g n i f i c a n t  i n  marginal (hangf i re )  
c a s e s .  This h e a t  i s  re leased  close t o  t h e  hot  su r f ace  by 
t h e  decomposing ammonium pe rch lo ra t e  and perhaps by i n t e r -  
f a c e  r e a c t i o n s  between t h e  A P  and t h e  binder .  The s t r u c t u r e  
of t h i s  r e a c t i o n  zone is very complex: t he  gas phase 
p a r t  of it has  been s tud ied  ex tens ive ly  Fn t h i s  Laauratory 
and elsewhere i n  r e l a t i o n  t o  t h e  ques t ion  of s teady  s t a t e  
burning mechanism. The condensed phase p a r t  of  it has  been 
s t u d i e d  by o t h e r s .  The o v e r a l l  energy r e l e a s e  r a t e  a t  t h e  
p r o p e l l a n t  su r f ace  ( o r  near i t ) ,  while  t h e  su r face  tempera- 
t u r e  is s t i l l  below t h e  i g n i t i o n  temperature,  i s  descr ibed  
i n  t h i s  work f o r  convenience i n  a very approximate way by: 

?Ye 5? 

( 6 )  

0 -=A3 L a  *i- 't su,!kce =fp = 44-e 
where p 
u n i t  m a t s  and t h e  pre-exponential ,  4 , h a s  t h e  dimensions of 
burning r a t e .  This expression implies  t h a t  t h e  i n t e g r a t e d  

is t h e  p rope l l an t  d e n s i t y ,  @ is t h e  h e a t  r e l e a s e  per  
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e f f e c t  of h e a t  r e l e a s e  below, a t ,  and above t h e  p rope l l an t  
s u r f a c e  is  assigned t o  t h e  sur face .  This s i m p l i f i c a t i o n  a l -  
lows t h e  nonl inear  t e r m  represent ing  t h e  d i s t r i b u t e d  h e a t  re- 
l e a s e  t o  be taken ou t  of  t he  s o l i d  phase h e a t  d i f f u s i o n  equa- 
t i o n  and placed i n  the  boundary condi t ion .  

az 

The e f f e c t  of t h i s  t e r m  is d rama t i ca l ly  shown i n  F ig .  1 
f o r  a marginal i g n i t i o n  s i t u a t i o n .  The va lues  of t h e  a c t l v a -  
t i o n  energy, E , and t h e  hea t  r e l e a s e  p a r a r e t e r  were obta ined  
by s e l e c t l n g  tgose values  which brought r;he t h e o r e t i c a l  pre-  
d i c t i o n s  i n t o  agreement with t h e  experime:;kzl f i r i n g s  f o r  
Runs C-1,  C-2 and C - 3  shown in  Fig.  2 .  This may appear t o  be 
a crude approach, merely empir ical .  However, tk.e necessary 
phys ica l  parameters a r e  not w e l l  known f o r  s teady  s t a t e  cases ,  
and they c e r t a i n l y  are not  a v a i l a b l e  f o r  inc ip ie r - t  t r a n s i e n t  
cases. Thus, a c e r t a i n  amount of curve f i t t i n g  is j u s t i f i e d .  
The a c t i v a t i o n  energy and su r face  h e a t  r e l e a s e  found i n  t h i s  
way a r  i t h i n  approximately 10% of  t h e  quoted s teady  s t a t e  
valuesT6’. The values  which gave t h e  b e s t  f i t  f o r  a l l  t h r e e  
runs ,  C-1, C-2 and C-3, a r e  E = 13,700 cal/mole, and Q = 250 
cal/gram. The appropr i a t e  vayue f o r  A was found by matching 
t h e  measured r eg res s ion  r a t e  t o  t h e  r eg res s ion  r a t e  c a l c u l a t e d  
wi th  t h e  expression $P= Ae’hi/R7, 
t h e  s t eady  s t a t e  value of Ts. 

t e r m  i s  important only i n  marginal i g n i t i o n  s i t u a t i o n s .  The 
proper  t r ends  would be predic ted  even without t h i s  t e r m .  
Thus, a s  t h e  conditioiis  f o r  a harigfire a r e  approached, t h e  
des igne r  would be warned by t h e  a n a l y s i s  t h a t  t h e  i g n i t e r  is 
marginal ,  even if d e t a i l e d  agreement between the  p r e d i c t i o n  
and a t e s t  f i r i n g  is  n o t  achieved. 

using t h i s  value of Es and 

It is important t o  re-emphasize t h a t  t h i s  s e l f -hea t ing  

The gas  dynamic model f o r  t h e  combustion chamber of a 
s o l i d  p r o p e l l a n t  rocke t  motor during t h e  t h r u s t  t r a r f i e n ’  
which has  been previous ly  developed on t h i s  program 
con ta ins  s e v e r a l  r e s t r i c t i v e  assumptions. This a n a l y t i c a l  
d e s c r i p t i o n  most c l o s e l y  models t h e  c l a s s  of rocke t  motors 
w i th  l a r g e  por t - to- throa t  area r a t i o s ,  which a r e  i g n i t e d  by 
gas-producing i g n i t e r s  loca ted  i n  t h e  forward end of t h e  

I l , 8 j  
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engine.  This class of motors does not s u f f e r  s i g n i f i c a n t  a x i a l  
p re s su re  and temperature g rad ien t s  down t h e  motor p o r t .  The 
k i n e t i c  energy of  t h e  gases  i n  t h e  p o r t  of such motors can be 
neglec ted  compared t o  t h e  thermal energy t e r m s ,  and t h e  momen- 
tum change a s soc ia t ed  with mass a d d i t i o n  can be neglected.  
I n  rocke t  motors with smal l  por t - to- throa t  a r ea  r a t i o s  these  
approximations a r e  not va l id .  A more e l a b o r a t e  a n a l y s i s  bZiich 
avoids t h e s e  res t r ic t ions  has been formulated.  The d e t a i l s  
of  t h i s  work are given in  Appendix A.  E f f o r t s  a r e  c u r r e n t l y  
being d i r e c t e d  toward so lv ing  t h i s  model. Research on t h e  
b a s i c  processes  c o n t r o l l i n g  t h e  i g n i t i o n  t r a n s i e n t  w i l l  be 
continued, w i th  t h e o r e t i c a l  work on t h e  new gas dynamic model 
and with experiments on a small  por t - to- throa t  a rea  r a t i o  motor. 

Research Object ive #2:  Development of Thrust  Trans ien t  Com- 
puter  P r e d i c t i o n  Methods. 

Over t h e  p a s t  f i v e  years  an a n a l y t i c a l  model f o r  p r e d i c t -  
ing t h e  e n t i r e  i g n i t i o n  t h r u s t  lfys&yt i n  a s o l i d  p r o p e l l a n t  
rocke t  motor has  been developed . This t h e o r e t i c a l  model 
i s  most d i r e c t l y  (bu t  not exc lus ive ly )  app l i cab le  t o  the  c l a s s  
of  motors with l a r g e  por t - to- throa t  a r ea  r a t i o s ,  which are  ig- 
n i t e d  by pyrogen i g n i t e r s  loca ted  i n  t h e  forward end of t h e  
engine.  The e s s e n t i a l  elements of t h e  t h e o r e t i c a l  model can 
be summarized a s  follows: 

The l o c a l  i g n i t i o n  event is c h a r a c t e r i z e c  by a cons t an t  
c r i t i c a l  s u r f a c e  temperature i g n i t i o n  c r i t e r i o ; ?  and by t h e  
inc lus ion  of  a s u r f a c e  hea t  r e l e a s e  t e r m  t o  acc\;L:Lt f o r  exo- 
thermic decomposition a t  temperatures below t h e  c r i t i c a l  tem- 
pe ra tu re .  Flame spreading is descr ibed  by coupling t h i s  igni-  
t i o n  model with an experimentally measured d e s c r i p t i o n  of t h e  
gas  phase h e a t  convection to  t h e  p r o p e l l a n t  g r a i n .  The pro- 
p e l l a n t  burning r a t e  a f t e r  i g n i t i o n  is achieved i s  taken a s  
t h e  s t eady  s t a t e  burning r a t e .  The a n a l y t i c a l  model i s  con- 
ple.ted by desc r ib ing  t h e  bulk gas dynamics of t he  combustion 
chamber by w r i t i n g  t h e  dynamic energy and m a s s  c o n t i n u i t y  
equat ions .  The r e s u l t i n g  system of  equat ions can be solved 
a n a l y t i c a l l y  only under very r e s t r i c t i v e  assumptions. For ex- 
ample, i f  it is assumed t h a t  flame spreading is complete, t h a t  
t h e  i g n i t e r  flow is  terminated and t h a t  t h e  chamber tempera- 
t u r e  i s  cons t an t ,  t h e  equat ion f o r  t h e  chamber p re s su re  a s  a 
func t ion  of t i m e  can be soiveci a n a l y t i c a l l y .  Ilowever, i n  the 
major i ty  of i n t e r e s t i n g  cases  such s i m p l i f i c a t i o n s  a r e  not  
p o s s i b l e  and recourse  t o  d i g i t a l  computer s o l u t i o n  is  necessary.  

Toward t h i s  end a computer program has been develo2ed. 
Ac tua l ly  t w o  programs have been developed: 
on a burning r a t e  expression of  t h e  form r = kpc : t h e  second 
program can handle more complicated burning r a t e  express ions ,  
even from t a b u l a r  r vs  p data .  This second program is  a l s o  
capable  of handl ing nonsteady burning r a t e  equat ions.  

The Airst is  based 

The programs a r e  w r i t t e n  i n  For t r an  I V  and thus  a r e  com- 
p a t i b l e  wi th  any For t r an  I V  compiler.  Most of t h e  work i n  
t h i s  s tudy  has  been run on an  IBM 360 computer. 
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During t h i s  r e p o r t  per iod a n  e f f o r t  has  been made t o  up- 
grade  the  programs w i t h  two prime o b j e c t i v e s  i n  mind: f i r s t ,  
t h a t  program execut ion time be kept t o  a minimum without  sac- 
r i f i c i n g  accuracy, and second, t h a t  the program be completely 
se l f - exp lana to ry  i n  o rde r  t o  f a c i l i t a t e  i t s  use. For example, 
i n  regard t o  the f i r s t  goa l ,  the  heat t ransfer  c a l c u l a t i o n s  
a r e  the most time-consuming ope ra t ion  - p a r t i c u l a r l y  when t h e  
nonl inear  exponent ia l  s e l f -hea t ing  t e r m  is included. I n  an 
e f f o r t  t o  reduce t h e  execution t i m e ,  a s tudy  was undertaken 
w h i c h  indicated t h a t  t h e  se l f -hea t ing  t e r m  does not become 
important u n t i l  t h e  su r face  temperature is w i t h i n  40% of ig- 
n i t i o n  temperature.  Thus,  t h e  c a l c u l a t i o n  need not be per- 
formed u n t i l  t h i s  temperature is reached, and a s  a r e s u l t ,  a 
g r e a t  d e a l  of t i m e  is saved. A s  a consequence of t h i s  and 
s i m i l a r  s t u d i e s ,  t h e  execut ion t i m e  f o r  the p r e d i c t i o n  of a 
normal vigorous i g n i t i o n  i s  less than  4 minutes,  w i t h  45  sec- 
onds of t h i s  being compilation time. Thus ,  maximum e f f i c i e n c y  
is achieved when s e v e r a l  p red ic t ions  a r e  run  a t  the  same t i m e ,  
thereby  e l imina t ing  t h e  compilation t i m e  f o r  each r u n .  Com- 
p u t e r  p r e d i c t i o n s  of long-delay hangf i r e  cases r e q u i r e  sub- 
s t a n t i a l l y  more t ime than for  vigorous ign ic ion  cases .  

I n  an' e f fo r t  t o  make the program completely self-explana-  
t o r y ,  t h e  program con ta ins  a complete t a b l e  of nomenclature. 
L i b e r a l  u s e  of comment cards throughout the program supply 
guides  t o  t h e  computer log ic .  

Appendix B conta ins  a d e t a i l e d  d i scuss ion  of t h e  system 
of equat ions t o  be solved,  t he  numerical techniques used and 
input  i n s t r u c t i o n s .  Complete l i s t i n g s  of the  two programs 
and a program f l o w  c h a r t  a r e  also given. 

It i s  important t h a t  any p o t e n t i a l  u s e r  of such a computer 
program be aware of the s e n s i t i v i t y  of t he  c a l c u l a t i o n s  t o  
va r ious  input  d a t a .  I n  t h e  case of the  i g n i t i o n  t r a n s i e n t  
p r e d i c t i o n  pogram,  two important input  parameters a r e  t h e  
p r o p e l l a n t  i g n i t i o n  temperature and the thermal conduct iv i ty .  
These va lues  are o f t e n  not  known w i t h  g r e a t  accuracy. 
t o  tes t  the s e n s i t i v i t y  of the  computer program t o  these para- 
meters, a computer s tudy was undertaken wherein the va lues  
w e r e  va r i ed  w i t h i n  reasonable l i m i t s .  A s  might be a n t i c i p a t e d ,  
t h e  model is more s e n s i t i v e  t o  smal l  u n c e r t a i n t i e s  i n  these 

i g n i t i o n  cases. The s tandard d e v i a t i o n  i n  t h e  expgr tgynta l  
de te rmina t ion  of t h e  i g n i t i o n  temperature was T 1 5  C . I n  
o rde r  t o  t e s t  t h e  effect  of th&s unce r t a in ty ,  the i g n i t i o n  
temperature w a s  v a r i e d  by + 20 C ,  both f o r  vigorous and mar- 
g i n a l  cases. The r e s u l t s  are shown i n  F ig .  3 .  The e f f e c t s  
of varying t h e  thermal conduct iv i ty  by + 10% f o r  both cases 
a r e  shown i n  F ig .  4. The extreme s e n s i t i v i t y  of the computer 
program t o  t h e  i g n i t i o n  temperature and the thermal conducti-  
v i t y  must be kept  i n  mind when it is apparent  t h a t  a marginal 
s i t u a t i o n  is being approached. 

I n  order  

Li-.. - 7 7  ,-.n--*-_ parameters in marginal F g n F t i m  s i t u a t i = r , s  c?*2i-i v LyVLuU3 
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Research Object ive #3:  Systematic T e s t  F i r i n g  S e r i e s  t o  T e s t  
the V a l i d i t y  of t h e  Design Rules. 

Three exper h e n t a l  test f i r i  g ' es  have been previous ly  . I n  each series a PL,73F r epor t ed  on t h i s  r e sea rch  program 
s i n g l e  experimental  parameter was s y s t e m a t i c a l l y  va r i ed  with 
a l l  o t h e r  parameters h e l d  cons tan t .  I n  Series A t h e  exhaust 
nozzle  was va r i ed ,  i n  Series B t he  i g n i t e r  d u r a t i o n  was va r i ed ,  
and i n  Series C t h e  i g n i t e r  mass f low r a t e  was v a r i e d  with t h e  
t o t a l  i g n i t e r  mass h e l d  constant .  The e x c e l l e n t  agreement be- 
tween t h e  t h e o r e t i c a l  p red ic t ions  and the  experimental  t e s t  
f i r i n g s  f o r  t h e  vigorous i g n i t i o n  s i t b a t i o n s  of S e r i e s  A and 
B was most r e c e n t l y  repor ted  i n  o u r  1968-1969 proposal .  The 
procedure f o r  c o r r e c t i o n  o f  t h e  t h e o r e t i c a l  p r e d i c t i o n s  by 
including t h e  e f f e c t  of hea t  genera t ion  i n  t h e  condensed phase, 
i n  t h e  form of  a s u r f a c e  hea t  release t e r m ,  was r epor t ed  above 
i n  Research Object ive 1 for t h e  marginal i g n i t i o n  cases  of 
Series C .  

During t h e  p a s t  r e p o r t  pe r iod  two a d d i t i o n a l  tes t  f i r i n g  
series have been performed. The f i r s t  of t hese ,  Series D,  i s  
a s tudy  of marginal i g n i t e r  d u r a t i o n s .  The secon2, S e r i e s  E ,  
shows the  e f f e c t  of  aluminum a d d i t i o n  t o  t h e  p r o p e l l a n t .  S i n c e  
t h e  l a t t e r  S e r i e s  i s  an extension of t h e  p r e d i c t i o n  theory t o  
a new class of  p r o p e l l a n t s ,  S e r i e s  E is r epor t ed  under Research 
Object ive 6 .  

S e r i e s  D (Fig.  5) w a s  o r i g i n a l l y  intended t o  d i s p l a y  t h e  
e f f e c t s  of  varying t h e  s i z e  o f  t h e  motor exhaust nozzle  sys- 
t e m a t i c a l l y ,  while  o the r  deqq9)pa rame te r s  w e r e  h e l d  cons tan t .  
This i s  s i m i l a r  t o  S e r i e s  A . The d i f f e r e n c e  was t o  be 
t h a t  t h e  p re s su re  overshoots observed i n  Series A would be 
e l imina ted .  A choice was made of t he  magnitude and du ra t ion  
of t h e  i g n i t e r  flow, and these  w e r e  he ld  cons t an t .  

The systematic variation of nozzle throat diameter, from 
s m a l l  t o  l a rge ,  was expected t o  show corresponding sys temat ic  
changes i n  t h e  f i n a l  equi l ibr ium p res su re ,  from high  t o  low. 
I t  can be seen i n  t h e  pressure-time t r a c e s  of t h i s  s e r i e s ,  
t h a t  t h i s  expec ta t ion  was f u l f i l l e d .  

However, some i r r e g u l a r  behavior showed up i n  t he  t r a c e s  
c--- LL AUL L L L ~  f i r i n g s  w i t h  t h e  l a r g e s t  rmzzles,  Upon examination 
of t h i s  s i t u a t i o n ,  it was concluded t h a t  t h i s  r e s u l t e d  from 
t h e  choice of an i g n i t e r  input (mass flow and du ra t ion )  t h a t  
w a s  very c l o s e  t o  t h e  marginal requirement f o r  prompt igni-  
t i o n .  Under such c i r c u m s t a n c e s ,  whi le  t h e  f i r i n g s  with the 
sma l l e r  nozzles  r e s u l t e d  i n  acceptab le  pressure- t  i m e  t r a c e s ,  
t h e  f i r i n g s  with t h e  l a r g e r  nozzles showed e r r a t i c  behavior 
i n d i c a t i v e  of an i g n i t i o n  input t h a t  is marginal.  

Fur ther  v e r i f i c a t i o n  of t h e  i n t e r p r e t a t i o n ,  t h a t  t h i s  
p a r t i c u l a r  choice of i g n i t e r  flow and d u r a t i o n  was marginal,  
was provided by t h e  appearance o f  some unexpected hangf i r e s  
i n  t h e  Series during t h e  t e s t  f i r i n g  program. These 
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unexpected hangf i r e s  a r e  shown i n  Fig.  6 .  There was no change 
i n  t h e  f i r i n g  condi t ions  fo r  t h e  t r a c e s  shown i n  Fig.  6 a s  
compared with the  t r a c e s  shown i n  Fig.  5. The i n t e r p r e t a t i o n  
is c l e a r ,  t h a t  t he  i g n i t i o n  exposure was marginal.  A s  may be 
espected i n  a marginal s i t u a t i o n ,  t h e  f i r i n g  behavior i s  
s o m e t i m e s  normal, and i n  such normal s i t u a t i o n s ,  it was found 

. t h a t  t h e  experimental  f i r i n g  trace came c l o s e  t o  t h e  t h e o r e t i -  
c a l  p r e d i c t i o n  f o r  t h a t  s i t u a t i o n .  Such agreement is shown 
i n  Fig. 7 .  

That t h e  chosen exposure was indeed marginal was demon- 
s t r a t e d  t h e o r e t i c a l l y  by car ry ing  out t he  computer p r e d i c t i o n  
wi th  a 10% smal le r  i g n i t e r  mass flow than t h a t  s tandard ized  
f o r  S e r i e s  B. The d r a s t i c  e f f e c t  of so smal l  a r educ t ion  i n  
t h e  i g n i t e r  mass flow is shown i n  Fig.  8. The s tandard  expo- 
s u r e  is computed t o  produce a normal i g n i t i o n :  however, t h e  
10% weaker exposure r e s u l t s  i n  a hangf i r e .  i t  i s  obvious 
t h a t  t h e  chosen m a s s  f low and du ra t ion  w e r e  marginal f o r  t h i s  
motor. 

From observa t ion  of t he  normal-appearing curves i n  F ig .  5,  
it apgears t t a t  enlargement of <he exiicGst nozzle  does not 
s t r e t c h  ozt t h e  induct ion periozi, Sut it slows down t h e  r i s e  
of pressure  from t h e  s t a r t  of t h e  g r a i n  burning t o  t h e  f i n a l  
equi l ibr ium l e v e l .  That the induct ion pe r iod  is  unaf fec ted  
by enlargement of t h e  exhaust nozzle follows t h e o r e t i c a l l y  
from t h e  f a c t  t h a t  t he  hea t  f l u x  i n  t h e  p r e - i g n i t i o n  i n t e r v a l  
is not  dependent on t h e  pressure  l e v e l ,  as long a s  t h e  mass 
flow through t h e  p o r t  i s  he ld  f ixed .  The slowing down of 
t h e  r ise  of p re s su re  a f t e r  the  induct ion i n t e r v a l  r e s u l t s  from 
t h e  lower r a t e  of burning a s soc ia t ed  wi th  t h e  enlarged exhaust 
nozzle .  

Addi t iona l  sys temat ic  tes t  f i r i n g  ser ies  had been planned 
f o r  the  c u r r e n t  year when t h e  1968-69 proposal  was w r i t t e n .  
However, t h e  funding cut-back forced a r educ t ion  i n  manpower 
and a p ropor t iona te  reduct ion  i n  e f f o r t  on t h i s  i t e m .  

Research Obiect ive #4: Analysis of Rocket Engines Produced 
and Tested by the  Rocket Indus t ry .  

This  p o r t i o n  of  t h e  research  program has  been dormant 
d-luring the c a r r e n t  17ezr 5 s  a r e s u l t  of thc fundii-ig cut-back. 
However, previous work on two p r a c t i c a l  rocke t  engines can 
be  summarized. 

The t h e o r e t i c a l  model of t h e  i g n i t i o n  t r a n s i e n t  was 
t e s t e d  on t h e  120-inch diameter rocke t  motor used on t h e  
T i t a n  I I I - C  Booster.  The t r a n s i e n t  pressure- t ime r eco r  
of t h i s  motor has  been published i n  t h e  open l i t e r a t u r e  
The prime c o n t r a c t o r  f o r  t h i s  motor, UTC, suppl ied  us wi th  

1 des ign  information - f ree  volume, t h r o a t  a r e a ,  e t c .  - and 
wi th  t h e  burning r a t e  expression f o r  t h e  p r o p e l l a n t  used. 
A s  a r e s u l t  of t h e  5-segment des ign  of  t h i s  motor, t h e r e  a r e  
f i v e  g r a i n  lead ing  edges, one f o r  each segment. Each p a i r  
of  segments is separa ted  by  a s tagnant  annulus,  one s i d e  of 
which is  i n h i b i t e d  while  the o the r  s i d e  is allowed t o  burn. 
This  geometry obviously r e s u l t s  i n  a complex h e a t  t r a n s f e r  - 

710). 



, 

flame spreading s i t u a t i o n .  N o  s i n g l e  h e a t  t r a n s f e r  c o r r e l a -  
t i o n  would adequately desc r ibe  both t h e  motor p o r t  and t h e  
s t agnan t  annu l i .  The o t h e r  missing p i eces  i n  t h e  puzzle  were 
t h e  d e t a i l s  of t h e  i g n i t e r  m a s s  flow-time h i s t o r y .  Thus, i n  
o rde r  t o  proceed (gy  approximation was necessary.  I t  was shown 
i n  previous work t h a t  i f  t h e  i g n i t e r  flow is small  compared 
t o  t h e  mass a d d i t i o n  from the  burning su r face ,  t h e  end of flame 
spreading and the  beginning of chamber f i l l i n  an be determined 
g raph ic ly .  This is  done by p l o t t i n g  h7 Cl--jQ' -8-F ) 
-,3and 2 are t h e  nondimensional chamber p re s su re  and time res- 
p e c t i v e l y ,  and n i s  t h e  burning r a t e  exponent. The beginning 
of chamber f i l l i n g  is t h e  poin t  a t  which t h i s  curve becomes 
l i n e a r .  This a n a l y s i s  is shown i n  Fig.  9. This a n a l y s i s  sup- 
p l i e s  t h e  i n i t i a l  condi t ions  f o r  p r e d i c t i n g  t h e  chamber f i l l -  
ing i n t e r v a l .  Despi te  t h e  many approximations made i n  t h i s  
t h e o r e t i c a l  model, t h e  agreement between t h e  t h e o r e t i c a l  pre- 
d i c t i o n  and t h e  a c t u a l  test  f i r i n g  is very good, a s  is shown 
i n  Fig.  10. The agreement is w e l l  w i th in  t h e  des ign  s p e c i f i -  
c a t i o n  l i m i t s .  

v s e ,  where 

The second industry-developed motor s t u d i e d  was one deve- 
loped by Frankford Arsenal  (F ig .  11). The g r a i n  configura-  
t i o n  i n  t h i s  motor i s  a hollow cy l inde r  w i t h ' t a p e r e d  ends. 
This g r a i n  design produces n e u t r a l  burning. The nozzle  con- 
f i g u r a t i o n  c o n s i s t s  o f  four  smal l  nozzles spaced around t h e  
base  p l a t e .  

The i g n i t e r  used wi th  t h i s  motor was cons iderably  d i f -  
f e r e n t  from any of those  previously s tud ied .  This engine 
u s e s  a pyrotechnic  i g n i t e r  system c o n s i s t i n g  of a "p iccolo"  
tube  extending down t h e  center of t h e  g r a i n .  Thirty-two 
h o l e s  i n  t h e  tube permit the  i g n i t e r  combustion products  t o  
impinge d i r e c t l y  on t h e . g r a i n .  The i g n i t e r  m a t e r i a l  i s  a 
mixture  of magnesium and Teflon i n  p e l l e t  form. The p r i n c i p a l  
combustion products  a r e  MgFZ(c)  and MgF ( A ) ,  with Mg(g) a s  
the c a r r i e r  gas. 
n i c  i g n i t e r .  

This is a t y p i c a l  "hog p a r t i c l e "  pyrotech- 

The s implest  assumption t h a t  can be made t o  adapt t h e  
p r e s e n t  a n a l y t i c a l  model t o  t h i s  obviously d i f f e r e n t  s i t u a -  
t i o n  is  t o  assume t h a t  t h e  flame spreading is  instantaneous.  
This  p a r t i c u l a r  m o t o r  i s  s i n g u l a r l y  s u i t e d  t o  t h i s  assumption 
siiice t h e  i g n i t e r  tube extends t h e  er;tire lclnlgth cf t h e  grain,  
Th i s  b r ings  most of t h e  p rope l l an t  su r f ace  a rea  under d i r e c t  
impingement. Experiments w e r e  performed t o  ga in  knowledge of 
t h e  percentage of t h e  p rope l l an t  su r f ace  which was i n i t i a l l y  
covered by impinging i g n i t e r  products .  These t e s t s ,  done by f i r i n g  
t h e  i g n i t e r  on to  E I  i n e r t  g ra in ,  confirmed t h a t  most of t h e  
s u r f a c e  was indeed subjec ted  t o  d i r e c t  impingement, except 
f o r  a smal l  reg ion  i n  t h e  head end of t he  motor. This un- 
covered a r e a  c o n s t i t u t e d  approximately 12% of t he  t o t a l  g r a i n  
s u r f a c e  a rea .  The q u a l i t y  of t h e  l i m i t i n g  assumption of 
instantaneous flame spreading can be judged by comparison of 
t h e  t h e o r e t i c a l  p r e d i c t i o n  and an experimental  t es t  f i r i n g  of 
a l i v e  g ra in .  
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Another necessary piece of information was t h e  flow r a t e  
versus  t i m e  c h a r a c t e r i s t i c s  of t h e  p i cco lo  t u b e  two-phase 
flow i g n i t e r .  Based o n  tes ts  made by f i r i n g  t h e  i g n i t e r  i n t o  
an i n e r t  chamber, t h e  curve o f  gas-phase mass flow shown i n  
F ig .  1 2  was adopted. 

The comparison of  t h e  t h e o r e t i c a l  p r e d i c t i o n  and an ex- 
per imenta l  tes t  f i r i n g  is shown i n  Fig.  13 .  The agreement i s  
s u r p r i s i n g l y  c l o s e .  The assumption of  instantaneous flame 
spreading d i c t a t e s  t h a t  the i n i t i a l  r a t e  of  p r e s s u r i z a t i o n  
should be h igher  than t h a t  which is observed experimental ly ,  
s i n c e  (dp/dt ) max is known t o  occur a t  t h e  end of flame spread- 
ing. This assumption a l s o  d i c t a t e s  t h a t  t h e  t h e o r e t i c a l  dp/dt 
must be lower a t  some l a t e r  t i m e  than t h e  experimental  value.  
This behavior is ,  i n  f a c t ,  seen i n  Fig.  13. 

The e r r o r  i n  p red ic t ing  t h e  t i m e  of'maximum pres su re  and 
t h e  "saddle"  i n  t h e  experimental  curve can be a t t r i b u t e d  t o  
t h e  flame spreading i n t o  the s tagnant  reg ion  mentioned above. 
Ways t o  a l low f o r  t h i s  e f f e c t  a p r i o r i  i n  f u t u r e  des igns  can 
be v i s u a l i z e d .  The 8% d i f f e r e n c e  between the  t h e o r e t i c a l  and 
experimental  peak p res su re  is due to  a probable underestimate 
of t h e  p re s su re  con t r ibu t ion  o f  t h e  vapor-par t ic le  mixture  
dur ing  t h e  l i v e  motor f i r i n g ,  a s  compared t o  t h e  c a l i b r a t i o n  
f i r i n g  of t h e  i g n i t e r  i n t o  an i n e r t  chamber mentioned above. 

The encouraging r e s u l t  of t h i s  s tudy is  t h a t  u s e f u l  theo- 
r e t i c a l  p r e d i c t i o n s  of t he  i g n i t i o n  t r a n s i e n t  can be made f o r  
complex engines by using even t h e  s imples t  assumptions, provid- 
ing t h e  gas dynamics a r e  adequately descr ibed .  

More d e t a i l s  on t h i s  work a r e  given i n  a s e p a r a t e  r e p o r t ,  
w r i t t e n  by B. W. MacDonald, e t  a l . ,  which is t o  be t r ansmi t t ed  
s h o r t l y ,  a s  soon a s  p r i n t i n g  i s  complete. 

Research Object ive #5: Measurement o f  Thrust  Trans ien ts  a s  
Against Simple P r e s s u r e  Trans ien ts .  

For t h e  c l a s s  of rocket  motors with l a rge  por t - to- throa t  
a r e a  r a t i o s ,  t h e  chamber pressure  is  s p a t i a l l y  uniform. Thus, 
t h e  chamber p re s su re  h i s t o r y  toge ther  with the  nozzle t h r u s t  
c o e f f i c i e n t  g ives  t h e  t h r u s t  h i s t o r y  d i r e c t l y .  The ca l cu la -  
t i o n  is  more complex f o r  the  two-phase flows a r i s i n g  frcr;: alu- 
minized p r o p e l l a n t s  and/or me ta l l i zed  i g n i t e r s ,  bu t  s t i l l ,  
t h e  chamber p re s su re  t r a c e  gives  t h e  t h r u s t  p r e d i c t i o n  f a i r l y  
d i r e c t l y .  I n  t h e  case  of p r a c t i c a l  engines with s m a l l  po r t -  
t o - th roa t  a r ea  r a t i o s ,  however, t h e  thrust- t ime t r a c e s  during 
t h e  s t a r t  may not  fol low the  pressure-time t r a c e s ,  due  t o  t h e  
presence of s t rong  a x i a l  p ressure  g rad ien t s .  i n  order  t o  s tudy 
t h i s ,  one of t h e  t es t  s tands  w i l l  be f i t t e d  with t h e  necdsszry 
mounting b racke t s  and the s p e c i a l  high speed t h r u s t  instrurnen- 
t a t i o n  f o r  high r e s o l u t i o n  measurements of t h e  s t a r t i n g  t h r u s t  
t r a n s i e n t .  These measurements w i l l  use an experimental  motor cur- 
r e n t l y  being developed. This new motor was mentioned i n  Research 
Objec t ive  #1 above. W e  p lan t o  make t h e s e  tes ts  l a t e r  i n  t h e  
c o n t r a c t  year ;  they have not been done y e t .  
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Research Object ive # 6 :  Extension of the  P red ic t ion  Theory t o  
Various Classes  of P rope l l an t s .  

I n  t h i s  p o r t i o n  of t h e  r e sea rch  program, the  e f f e c t  on 
t h e  i g n i t i o n  t r a n s i e n t  of adding aluminum powder t o  the  pro- 
p e l l a n t  was s tud ied .  (F ig .  14.) One way i n  which such an 
a d d i t i o n  could conceivably a f f e c t  t he  i g n i t i o n  t r a n s i e n t  
would be f o r  t h e  molten aluminum l i b e r a t e d  from t h e  f i r s t  por- 
t i o n  of t h e  g r a i n  t o  be ign i t ed  t o  enhance t h e  flame spreading 
r a t e  downstream by impinging on t h e  s t i l l  unigni ted  p o r t i o n  
of t he  g r a i n .  W e  have s tudied  t h i s  ques t ion  wi th  the  a i d  of 
high speed photographs of flame spreading over an aluminized 
g ra in .  P a r t i c l e s  of molten aluminum can be seen r i s i n g  from 
t h e  i g n i t e d  p o r t i o n  of t h e  g r a i n  and e n t e r i n g  t h e  main gas 
stream. Many p a r t i c l e s  a r e  seen  a c t u a l l y  r o l l i n g  down t h e  
p r o p e l l a n t  su r f ace .  I n  genera l ,  those p a r t i c l e s  t h a t  h i t  t h e  
unigni ted  su r face  do not a t t a c h  themselves t h e r e  o r  cause any 
s i g n i f i c a n t  spread of i g n i t i o n  a s  they t r a v e l  downstream. I n  
s h o r t ,  t h e  movement of t h e  flame f r o n t  i s  determined by t h e  
o v e r a l l  h e a t  t r a n s f e r  and not by j u s t  t h e  hot  p a r t i c l e s ,  and 
so the  flame spreading over an  aluminized p rope l l an t  i s  very 
s i m i l a r  t o  flame spreading over an unaluminized p rope l l an t .  
The q u a n t i t y  of h o t  aluminum p a r t i c l e s  l l b e r a t e d  from the  
g r a i n  is  not  s u f f i c i e n t  t o  augment s i g n i f i c a n c l y  the spread 
of ign i tedness .  

A more d e t a i l e d  i n v e s t i g a t i o n  was made oc a q u a n t i t a t i v e  
b a s i s .  I f  one sets a s i d e ,  f o r  t h e  moment, poss iS le  unpredict-  
a b l e  combustion e f f e c t s  caused by aluminum, the  -3resence of 
powdered aluminum may be expected t o  a f f e c t  t h e  uressure-time 
t r a c e  i n  s e v e r a l  p red ic t ab le  ways. The f i r s t ,  and most obvi- 
ous, is t h a t  t h e  presence of powdered aluminum increases  t h e  
thermal d i f f u s i v i t y  of t h e  s o l i d  p rope l l an t :  t h i s  would a c t  
t o  slow down t h e  r ise of sur face  temperature a t  any given 
p o i n t  on t h e  p rope l l an t  g r a i n ,  and thus ,  slow down the  r a t e  
of flame spreading. I n  addi t ion ,  t he  presence of aluminum 
changes both t h e  burning r a t e  and the  p re s su re  exponent. What 

..- t h e s e  changes a r e  depends, f o r  example,on whether t h e  aluminum 
is added a t  the  expense of ammonium pe rch lo ra t e ,  a t  t h e  ex- 
pense of f u e l ,  o r  a t  t he  expense of both,  and on o the r  d e t a i l s  
of d i f f e r e n c e  between the  aluminized and unaluminized propel- 
l a n t s  being compared. For the  comparative f i r i n g s  repor ted  
i n  t h i s  r epor t ,  t h e  alumifi.;;r: was added l a r g e l y  a t  the expense 
of t h e  pe rch lo ra t e ,  although some of t h e  f u e l  was a l s o  removed 
The burning r a t e  exponent was depressed from 0.40 t o  0 . 2 7  i n  
t h e  range of p re s su re  app l i cab le  t o  t h i s  t r a n s i e n t .  A t  t h e  
same time, a s i g n i f i c a n t  change was observed i n  the  burning 
r a t e  of  the  p rope l l an t  (measured i n  a s t r a n d  b u r n e r ) ,  t he  
va lue  risLng from 0.09 in/sec a t  t h e  p re - ign i t ion  p res su re  of 
40 p s i a  i n  t h e  unaluminized case  t o  0 .12  in/sec a t  t h e  same 
p res su re  f o r  t h e  aluminized p rope l l an t .  Thus, t h e  a d d i t i o n  - 
of aluminum 
lower range 
i n t e r v a l .  

made t h e  p rope l l an t  burn more a c t i v e l y  i n  t he  
of p re s su re  corresponding t o  the  p re - ign i t ion  

- 10- 
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I n  t h e  p a r t i c u l a r  test  f i r i n g  comparison repor ted  i n  t h i s  
progress  r e p o r t ,  t h e  e f f e c t s  of both increased thermal d i f f u -  
s i v i t y  and increased burning r a t e  a r e  observed. A s  seen from 
t h e  t h e o r e t i c a l  p red ic t ions  shown i n  Fig.  1 5 ,  t he  induct ion 
per iod  is  lengthened f o r  t he  aluminized p rope l l an t  due t o  
h igher  p rope l l an t  conduct iv i ty  but  t h e  h igher  burning r a t e  
r e s u l t s  i n  a g r e a t e r  dp/dt.  Thus, equi l ibr ium condi t ions  a r e  
reached e a r l i e r  d e s p i t e  t he  l a t e r  s t a r t .  

F i r i n g  E-1 (F ig .  14), r e q u i r e s  some a d d i t i o n a l  explana- 
t i o n .  The larger-than-normal divergence between the  t h e o r e t i -  
c a l l y  p red ic t ed  and experimental ly  observed behavior i s  not 
due t o  any breakdown of the  model because of t h e  presence of 
aluminum. The ear l ier- than-expected p res sc re  r i se  is  a t -  
t r i b u t e d  t o  progress ive  plugging of t h i s  s m i l  nozzle a s  t h e  
aluminurn oxides condensed on t h e  nozzle.  It was d i f f i c u l t  
t o  i d e n t i f y  an equi l ibr ium p res su re  on t h e  f i r i n g  t r a c e  be- 
cause the  pressure  continued t o  r i se  r a p i d l y  u n t i l  t h e  g r a i n  
was consumed. Af te r  t he  t e s t  f i r i n g ,  an aluminurn oxide "mold" 
of  t h e  nozzle  was found i n  t h e  motor. This confirmed the  sus- 
p i c i o n  t h a t  t h e  e f f e c t i v e  t h r o a t  a r ea  was decreas ing  during 
t h e  tes t  f i r i n g .  Repeated tes t  f i r i n g s  f a i l e d  t o  e l imina te  
t h i s  d i f f i c u l t y .  This behavior was not observed i n  t es t  f i r -  
ings wi th  l a r g e r  nozzle  t h r o a t  diameters .  

The o r i g i n a l  proposal  contemplated the  t e s t i n g  of addi- 
t i o n a l  c l a s s e s  of  p rope l l an t s .  This w i l l  be done a s  r a p i d l y  
a s  progress  wi th  the  present  reduced s t a f f  w i l l  permit.  

-11- 
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Kenneth I<. KUO* 

In o r d e r  to reinove "che r e s t z i c t i v e  F ~ s s u - . I ~ ~ ~ G ; ~ s  04  the preser,t 
eo-ee" + , ~ c a l  : a n a l y s i s ,  znd thiiils more accuzately x .~cel  a wider clcss 

of r o c k e t  motors, a x , x e  s o p h i s t i c a t e d  arialysis kzs  h e n  s t a r t & .  
.CIS object of t h i s  wozk i s  t o  i q r o v e  s k p i f i c a n t l y  the gas & y ~ ~ z r , i c  
...-~SL -.-,7 9 i n  t'ne 
axial d i r e c t i o n ,  3y  r e t a i n h g  the k i n e t i c  energy 05 t k e  szses a r d  

.Sy cons ide r ing  t h e  designed v a r i z t i o n  i n  sort c r o s s  s e c t i o z ,  h s  
an i l l u s t r a t i o n ,  a b r i e 2  developaent of the new s e t  of consexvat ion 
equa t iocs  is g iven  here .  The control voluine shown Selow is consLZ- 
ered.  

by r e t a i n i n g  the p res su re  and tenperatuze gra2ients 

The :low wi th ln  tha c o n t r o l  volume is assuli,eZ t o  be one-Ci;;.en- 
siorizi, ,,,e r e a c t i o n  zoce is again corisidered t o  Se very  t h i n  cor-  
pzred to "dAe c o n t r o l  vol-ciie dimensions. This insLres  a r e a c t i o n  
f r e e  c o n t r o l  v o l m e ,  T h e  assumptions Zron the p resen t  a n a l y s i s  
which are re l axed  are l i s t e d  zs  i"Oli0wS.  

rY- 

i. Tke axial pres su re  gzadient  q-enera'ccc by  t k e  corbi~.eZ ef- 
f e c t  05 c';le;;;Lc~cl r e a c t i o n ,  h e a t  conveccicn 2ri2 concix t ion  l a t e z a l l y  
o ~ t  of t k a  cor i t ro i  voluiie, t h e  des iq iaL var ia tLan  in f l o w  c r o s s  
s e c t i o n  zri& m a s s  adL i t ion  is considex&. 

m' ,AS conserva t ion  equat ioas  a r e  shown below. 

-A- 

G z z E ~ z t e  StLCe.-.;t, Ce;?;ztment of Aerospace and Xec'nznical ScLencas, 
l x i n c e t o n  vniversi-cy,  i x ince ton ,  New Je r sey .  
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Energy 

IC most  czs;; the  amount of pcpLk:-.c CG;-.S-L-.-.C~ 6u-Ls.g the 
ignltiori transLe,-.-c is s m a l l  compare6 to k h e  coxal ::,sss sxoze2 ir: 

wick ,  respect t o  time. Furthermore, the 'reat Coi22CC-CLOn in the  c:iLa1 
direct ion i n  the gas is sr;,all conpared ta the ;-.sz-c tzansr'ez i n  r ks  
izterai dizec-lion and thus c a n  be Lgi:Or&. For 5 s  >zeSai?t anzLysLs 
viscous terns  are  ries-lecced. Tnese assun2tions zr.Z i2ie zecozhiakq 
of the conservation e q a t i o n s  results in three c o ~ p 2 ~ C  fLrsr oz2ar 
nonlinear par t  La; di f fe ren t  i a i  eqiiatlons . 

L Y -  3 rocket xotor. T h i s  a l l o w s  us to Lgnore cks cl-.z.nge 04 p ~ t  azaa 

- 4  - 
These eqcztions describe each of the ele-- L & A A L a I  ---- COAILZO- V0,CXcS 

wL-k'nIn t3.e f rea  volume of the rocket chaziber. T h e  cqua'slars 214 
<::;;a present riiociel are global equations f o r  the  eritire ~ G C ~ S Z  chz,bsz. 
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b 2 2  pnczal, motors with sinall por t - to- throa t  area r a t i c s  w i l l  
e s s a r i e n c e  h ighe r  rates 05 p r e s s u r i z a t i o n  t h a c  motors with 1arc;a 
p o x - t o - t h r o a t  a r e a  ra t ios .  This i s  because t h e  ZoAmer class of 

* notors have snaller L*’s t h a n  the latter and hence have s h o r t e r  c’r.ar- 
ac ter i s t ic  tii;kes. mas, it is  more i r i ipxtant  t han  it was i n  t h e  pze- 
vious a n a l y s i s  t o  couple  these gas dynamic equat ions  with a norsrzcdy 
3~;1nF?.g. r a t e  equat ion.  Tnis  nonsteady burning rz- - q u a t i o n  can Le 

Xn ezos ive  Surning ra te  equat ion  would a lso be nee&< t o  propeziy 
xo2,el cotors with high volu-;letric loadings.  Conbinincj an e r o s i v e  

w r i t t e n  i n  i a p l i c i t  f o a n  as CS! X, i”,P T *GS ( d ~ ~ x j  \ 1 ,/ --Yb *?<z, i-j). 

I 5L-cLng za te  eqEat ion w i t h  the above nonsteady burning ra te  equa t i cn  
~ r e s u l t s  i n  a n  equa t ion  of the form 

n* i n e  w w  eqcz t ions  of fe r  a formidable but not insGzxountzSle 
xa thenzt ica ;  :.zebie;n. They are the only p a t h  available which will 
lead to any s u b s t a n t i a l  iin-povernent i n  the understanding of  t h e  gas  
dynmics ir.volved I n  the i g n i t i o n  t r a n s i e n t  . , 
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APPENDIX B 

IGNITION TRANSIENT COMPUTER PREDICTION PROGRelM 

Introduction: The System to be Solved The prupose of this 

computer program is to solve the system of equations which de- 

scribe the entire ignition transient in a solid propellant 

rocket motor. The gas dynamics of the combustion chamber are 

written in non-dimensional form. 

A- 1 

A- 2 

These two equations represent the conservation of mass and energy 

in the control volume. The momentum equation has been uncoupled 

and the energy equation integrated under the assumptions ofvp = 0 ,  

I .  

continued on next page 



The mass flow i n t o  t h e  system from the  i g n i t e r ,  & and t h e  ign '  

average temperature of  t he  i g n i t e r  gas i n  t h e  c o n t r o l  volume, T 

are assumed t o  be known input  data .  

ign '  

Throughout t h e  major po r t ion  of t h i s  p a r t i c u l a r  s tudy ,  t h e  r a t e s  
, I  I 

of p r e s s u r i z a t i o n  considered were such t h a t  t h e  p rope l l an t  burning ra te  

could be taken as t h e  s teady  state va lue  obtained from s t r a n d  burner 

experiments. 

s tudy  could be adequately descr ibed by a curve f i t  of t h e  s t r a n d  burner 

d a t a  of t h e  form r This a l lows t h e  Equation A-1 and A-2 LO 

be r e w r i t t e n  i n  t h e  form 

The burning rates of t h e  p rope l l an t s  considered i n  t h i s  

n 
= k Pc . 

66 

A- 3 

I There a r e  a number of s i t u a t i o n s  i n  which t h i s  treacrnent of t he  

I -  

burning r a t e  is not  adequate. 

cannot be f i t t e d  over t h e  e n t i r e  pressure  range of i n t e r e s t  by a siinple 

r = k Pc equation. Figure 17 is  an  example of such a propel lan t .  The 

second notab le  except ion  i s  t h e  case of high r a t e s  of p r e s s u r i z a t i o n  where 

t h e  burning rate is  now a func t ion  of p and dp/dt .  

F i r s t ,  t he  burning r a t e  of many propel lancs  

n 
SS 

I n  these  two cases  

Equations A-1 and A-2 must be solved d i r e c t l y  wi th  the  burning ra te  suppl ied 

by a subrout ine.  

gram s o  t h a t ' a  burning rate of any given form can be used. 

I n  order  t o  c a l c u l a t e  t h e  ins tan taneous  area burning, 

Such f l e x i b i l i t y  has been'developed i n  t h e  computer pro- 

S ,  appearlrig Li-. 

e i t h e r  s e t  of equat ions ,  t h ree  elements are necessary: F i r s t ,  t he  heat 2lus 
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t o  t h e  s o l i d  must be ca l cu la t ed ;  second, t h e  hea t  d i f f u s i o n  equat ion  ’ 

i n  t he  s o l i d  must be solved f o r  the  s u r f a c e  temperature of each pro- 

p e l l a n t  element;  and t h i r d ,  t h e  cr i t ical  s u r f a c e  i g n i t i o n  temperature  

f o r  t h e  p a r t i c u l a r  p rope l l an t  must be suppl ied  as input  da ta .  

I n  t h i s  s tudy ,  t h e  hea t  f l u x  t o  t h e  s o l i d  s u r f a c e  was assumed t o  

take  two forms. F i r s t ,  and dominant i n  most s i t u a t i o n s ,  i s  convection 

from t h e  gas phase. An empir ical  c o r r e l a t i o n  f o r  t he  convect ion was  

used: 

The second energy 

c r i t i ca l  i g n i t i o n  

source is the  hea t  r e l e a s e  by the  p rope l l an t  below the 

temperature ( se l f -hea t ing) .  Although phys ica l ly  t h i s  

must be a d i s t r i b u t e d  energy source,  it i s  assumed t o  be concent ra ted  a t  

t h e  sur face .  This allows t h i s  term t o  be placed i n  t h e  boundary condi t ion  

of t h e  s o l i d  phase h e a t  d i f f u s i o n  equation. FYS, t h e  s u r f a c e  tem- 

p e r a t u r e  t o  be w r i t t e n  as: 

A- 5 

The gas phase convection hea t  f l u x  i s  w r i t t e n  as 

I 
The t e r m  i n  b racke t s  is  the  mass flow over s t a t i o n  X, co r rec t ed  f o r  t h e  

mass s t o r a g e  i n  the  po r t ion  of the  c o n t r o l  volume upstream of s t a t i o a  X, 

L, T is  t h e  d r i v i n g  p o t e n t i a l  across  t h e  boundary layer .  This  w a s  taken 

t o  be  cons t an t  i n  t i m e  and space. 
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I -  

The se l f -hea t ing  term is  taken as 

I - c 9 SUE 

Equations A-6 ’and A-7 are 

t h e  f i n a l  form of t h e  s o l u t i o n  

s u b s t i t u t e d  i n t o  Equation A-5 t o  o b t a i n  

for Ts. 
1 

A- 7 

This  is  a nonl inear  i n t e g r a l  equat ion  due t o  the  appearance of T i n  t h e  
S 

s e l f - h e a t i n g  t e r m .  

The i n i t i a l  and boundary condi t ions  on Equations A-1, A-2 (or a l t e r -  

n a t i v e l y  A-3 and A-4) and A-0 are 

Tamb i e  n t T(o) = 

’ ( O )  = ’ambient 

s ( 0 )  = 0 

I n  summary then,  t h e  system of equat ions t o  be solved c o n s i s t s  of two 

f i r s t  o rder ,  nonl inear  coupled ordinary d i f f e r e n t i a l  equat ions  f o r  ? ( t )  

and T(t) and a nonl inear  in tegro-d i f  f e r e n t i a l  equat ion f o r  Ts (x t )  

i n t e g r o - d i f f e r e n t i a l  equat ion  f o r  T ( x , t ) . i s  coupled t o  t h e  equat ions for 

p and T through t h e  c a l c u l a t i o n  of t h e  mass f lux.  

are considered as input  data .  The burning r a t e ,  r ,  a f t e r  i g n i t i o n  has 

The 

S 

A T ,  TIGJ Aign and T. i g n  

been achieved can be handled i n  s e v e r a l  ways, as ou t l ined  above. 
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This system of equat ions can be solved a n a l y t i c a l l y  only under 

ve ry  r e s t r i c t i v e  assumptions. For example, i f  s=1, GiSn=O and T ( t )  con- 

s t a n t ,  t h e  equat ion  f o r  P is a Bernoul l i  equa t ion  which can be l i n e a r i z e d  

and solved a n a l y t i c a l l y  f o r  P( t ) .  However, i n  t h e  major i ty  of i n t e r e s t -  

ing cases  such s i m p l i f i c a t i o n s  a re  not  poss ib l e  and recourse  t o  d i g i t a l  

computer s o l u t i o n  is necessary.  

Nurr.erica1 Methods 

a two po in t  Predictor-Corrector  technique. 

The d i f f e r e n t i a l  equat ion  f o r  p and T are solved wi th  

The f i r s t  po in t  i s  ‘given by 

the  s p e c i f i e d  i n i t i a l  condi t ions.  The second po in t  i s  obtained by a 

modified Runge-Kutta method. Given these  two p o i n t s ,  t h e  P red ic to r  pre-  

d i c t s  t h e  next  po in t  and t h e  co r rec to r  c o r r e c t s  t h e  va lue  t o  w i t h i n  a 

s p e c i f i e d  to le rance .  Once t h i s  system is  s t a r t e d ,  t he  technique propa- 

. g a t e s  i t s e l f ,  always us ing  the  previous two po in t s  t o  f i r s t  p r e d i c t  and 

then td c o r r e c t  the  next  point .  

0 = -Ip +. 4 2 d ’? (”4, x”.. 
The P red ic to r :  ’ p~+ ,  n-r 

04% 
A- 9 

.Tne s u p e r s c r i p t  i rep resen t s  the  i t h  i t e r a t i o n  through t h e  Corrector  

equat ion ,  and the  s u b s c r i p t  M r ep resen t s  t he  number of t i m e - s t e p s  taken 

“p co t h a t  po in t ,  There a r e  simultaneous equat ions  f o r  T. These equa- 

t i o n s  are developed and discussed i n  Reference A - l .  

. The geometric i n t e r p r e t a t i o n  of t hese  equat ions i s  shown i n  Figures  

A-1 and A-2. The Pred ic to r  c o n s i s t s  of drawing a s t r a i g h t  l i n e  through 

the p o i n t  (M-1) by us ing  t h e  value of t h e  s l o p e  at M. 

is  then  t h e  i n t e r s e c t i o n  of t h i s  l i n e  wi th  t h e  l i n e  * =  M+1. The Cor- 

r e c t o r  c a l c u l a t e s  t h e  po in t  (Mi-1) by averaging t h e  s lopes  a t  po in t s  (>:) 

The p red ic t ed  va lue  
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and (M+l). The s l o p e  a t  p o i n t  (Mi-1) is i t e r a t e d  u n t i l  t h e  values  of 

pressure  and temperature have converged t o  t h e  s p e c i f i e d  tolerance.  

The to l e rance ,  , w a s  taken i n  t h i s  s tudy t o  be and D w a s  

taken as .03. 

something near t h e  recommended optimum number of cwo i t e r a t i o n s  p e r  

s t ep .  

This  combination r e s u l t e d  i n  s a t i s f y i n g  Equation A-11 i n  

Using t h e  concept of successive i g n i t i o n s ,  t h e  p r o p e l l a n t  g ra in ,  I s  

broken up i n t o  a number o f  segments, and T (t) (Equation A-8) of each 

element i s  c a l c u l a t e d  separately.  Generally,  one hundred segnents w e r e  

considered,but t h e  f i r s t  segment ( the  leading edge of t h e  propel lan t  

S 

g r a i n )  was  broken in to  an a d d i t i o n a l  t e n  subsegments i n  o rde r  to p r e d i c t  

f i r s t  i g n i t i o n  more accurately.  The s u r f a c e  temperature i n t e g r a l  equa- 

t i o n  (A-8) is evaluated using a simple t r a p e z o i d a l  r u l e ,  shown i n  Figure 

A-3. 

one A t  ear l ier  than t h e  time being considered. I n  most cases, t h e  

I n  t h e  c a l c u l a t i o n  o f  Q(M), Ts w a s  taken as t h e  s u r f a c e  temperature 

d i f f e r e n c e  between t h e  two temperatures is  a f r a c t i o n  of a degree, and 

when placed i n  t h e  negat ive exponent ia l  se l f -hea t ing  term i s  n e g l i g i b l e  

when t h e  s u r f a c e  temperature i s  below 90% of t h e  c r i t i c a l  i g n i t i o n  t e m -  

pe ra tu re .  Ko~ever , when the su r face  temperature approaches t h e  c r i t i c a l  

va lue ,  t h e  e f f e c t  o f  t h e  d i f f e rence  can become s i g n i f i c a n t .  When t h i s  

occurs ,  i t  i s  necessary t o  i t e r a t e  T u n t i l  t h e  va lues  converge. 

The Computer Program For convenience, t h e  program i s  divided i n t o  a 

main program and f ive e s s e n t i a l  subroutines.  Actual ly  t h e r e  a r e  two d i s -  

S 

t i n c t  programs - one which uses  Equations A - l  and A-2 and a s p e c i a l  burn- 

i n g  rate subrout ine c a l c u l a t i o n  and a second program which uses  Equations 

A- 1: 
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n 
A-3 and A-4 and rss . These programs are designated PPSPIG2 ( f o r  

C 

Pressure  P red ic t ion  of So l id  Propel lan t  I g n i t i o n )  and PPSPIG-1 r e -  

spec t ive ly .  There is, of course,  a g r e a t  d e a l  of  s i m i l a r i t y  between 

these  two programs . 
Copies of t he  two programs are given on pages d-16and B-40. The 

I flow diagram i s  given i n  F igure  A-4.  The programs w e r e  s e t - u p  so  as t o  

be completely self-contained.  The f i r s t  pages c o n t a i n  a complete ta3le 

of nomenclature. LitberaO u s e  of comment ca rds  throughout t h e  prograii 

supply guides  t o  t h e  computer logic.  This  i n s t r u c t i o n a l  format i s  su?- 

' plemented below by a b r i e f  i n t roduc t ion  as t o  t h e  purpose 02 each s e c t i o n  

I 

of t h e  program. The input-output formats are d e t a i l e d  on page 5-8. 

The Main Program serves t o  coordinate  t h e  c a l c u l a t i o n s  of the  var ious  

subrout ines  and t o  handle inpu t  and output .  The incrementing of t ine and 

I C  

g r a i n  p o s i t i o n  i s  performed here ,  as w e l l  as some d e c i s i o n  making, i .e. ,  

whether flame spreading has  ended, whether t h e  t r a n s i e n t  has  ended, e t c .  

Subroutine NZPNT (Next Pressure and Temperature) i n t e g r a t e s  the  

d i f f e r e n t i a l  equat ions us ing  t h e  second order  Predictor-Corrector  method 

o u t l i n e d  above. 

Subroutine WARUM c a l c u l a t e s  t he  su r face  temperature  of t he  p a r t i c u l a r  

g r a i n  element under considerat ion.  This  amounts t o  eva lua t ion  of Equation 

A-8. Most of t he  execution9time of t h e  program is  spent  i n  t h i s  subrout lce .  

A g r e a t  deal of effori; was  expended to make t h e s e  computations as e f f i c i e n t  

as poss ib l e .  / 

Subroutine FLOIG c a l c u l a t e s  t he  mass flow from t h e  i g n i t e r  a t  t he  

c u r r e n t  time and it  eva lua te s  t h e  terms i n  t h e  d i f f e r e n t i a l  equat ions 

which are r e l a t e d  t o  i g n i t e r  e f f e c t s .  E s s e n t i a l l y ,  t h i s  i s  the  subrout ine 

which con ta ins  t h e  c h a r a c t e r i z a t i o n  of t h e  i g n i t e r .  
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t e n  columns. 

c o lumns . 
The nozzle  diameter i n  inches i s  pu t  i n  the  second t e n  

F i f t h  Card: The fol lowing information i s  placed i n  consecut ive groups 

of t e n  columns,: 1, s teady  s ta te  i g n i t e r  flow dura t ion  i n  seconds, 2. a 

t i m e  va lue  i n  seconds during the  i g n i t e r  quadra t i c  decay, 3 .  t h e  t i n e  i n  

seconds a t  which t h e  i g n i t e r  mass flow is zero ,  4. t he  s teady  s t a t e  

i g n i t e r  flow rate  i n  lb s / sec ,  5. t h e  i g n i t e r  mass flow rate  i n  lb s / sec  

corresponding t o  t h e  t i m e  i n  item 2,  6 .  t h e  i g n i t e r  mass flow rate  a t  

t h e  end of i g n i t e r  operat ion,  7. t h e  t i m e  i n  seconds a t  which t h e  i g n i t i o n  

nozzle  unchokes . 
S i x t h  Card: The following information is  placed i n  consecut ive groups 

of t e n  columns: 1, i g n i t e r  t h roa t  diameter i n  inches,  2. i g n i t e r  chainber 

'volume i n  c w 3 ,  3. i g n i t e r  gas thermal conduct iv i ty  i n  ca l l cm sec  0 
c ,  

4 .  i g n i t e r  gas  v i s c o s i t y  i n  g l c n  sec. 

Seventh Card: The following information i s  placed i n  consecut ive groups 

of t e n  columns: 1. width o r  circumference of p rope l l an t  g r a i n  i n  , 2. m i n  

chamber volume i n  cm3, 3. p o r t  area i n  c d ,  4. prope l l an t  leading edge i n  

Eighth Card: The following information i s  placed i n  consecut ive groups 

of t e n  columns: 1. r a t i o  of s p e c i f i c  h e a t s ,  2. prope l l an t  i g n i t i o n  tenpera- 

t u r e  i n  C y  3. prope l l an t  dens i ty  i n  g/cn3, 4. se l f -hea t ing  pre-exponenciai 0 

i n  L w / s e c ,  5 .  a c t i s a t i o n  energy In ca1, 6 .  sur face  hea t  r e l e a s e  paraiiecer 

i n  c a l / g ,  7 ,  i n i t i a l  p rope l l an t  temperature i n  C, 8. p rope l l an t  a d i a b a t i c  

flame temperature K. 

0 

0 

Ninth Card: The following information is placed i n  consecut ive grodps of 

t e n  columns: 1. hea t  t r a n s f e r  c o r r e l a t i o n  c o e f f i c i e n t ,  2. h e a t  t r a n s f e r  cor- 

r e l a t i o n  exponent, 3. prope l l an t  thermal conduct iv i ty  i n  cal/cw sec  C y  
0 
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0 '  4 .  thermal conduct iv i ty  of propel lan t  combustion products  i n  ca l /c f l  sec C, 

5 . prope l l an t  thermal d i f f u s i v i t y  i n  c$/sec, 6. v i s c o s i t y  of p rope l l an t  

combustion products i n  g / c N  6ec, 7. burning rate exponent, 8. burning rz te  

c o e f f i c i e n t .  

I 

Tenth Card: The following information is  placed i n  consecut ive groups of 

t t e n  columns: 1. non-dimensional t i m e  s t e p  s i z e  (0.03t* i s  recommended), 

2. convergence to l e rance  f o r  t h e  d i f f e r e n t i a l  equat ions (10 -5 i s  recommended), 

3. i n i t i a l  chamber pressure  i n  ps i a ,  4 .  temperature of i g n i t e r  gases i n  na in  

chamber i n  K,  5. i n i t i a l  area ign i t ed  (usua l ly  zero) ,  6 .  average teinperature 

d i f f e rence  between t h e  chamber gases and t h e  p rope l l an t  su r f ace  f o r  t h e  con- 

0 

vect ive '  h e a t  f l u x  ca l cu la t ion .  

The d a t a  f o r  t h e  second run  would begin wi th  t h e  Second Card and con- 

t i n u e  through t h e  Tenth Card. 

Addit ional  Input  f o r  PPSPIGZ 

n I n  order  t o  u s e  t h e  programwhich has  been adapted t o  handle non-k? 
C 

burning rate expressions,  t h e  following add i t ion  input  i s  needed: Ar-ter ~ h e  

f i f t h  ca rd ,  a card  is  put  i n  w i t h  t h e  number of burning r a t e -p res su re  pa i r s  

t h a t  a r e . t o  be read in. This information should be r i g h t  ad jus ted  i n  :he 

. f i r s t  t e n  columns. Followingf.this t h e  s p e c i f i e d  number of p a i r s  a r e  read 

i n ,  one p a i r  pe r  card. 

columns, and t h e  burning rate i n  inches per  second i n  t h e  second t e n  colunns. 

The rest of t h e  d a t a  inpu t  cards  remain the ssim except for the  n in th  card.  

O n  t h i s  card  t h e  p o s i t i o n  a l l o t t e d  t o  t h e  burning r a t e  exponent and c o e f f i c i e n i  

should be l e f t  blank. 

The pressure  i n  p s i a  is  placed i n  t h e  f i r s t  t e n  
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COMMENTS 

PROGRAM NAME ---- P P S P I G l ,  FOR PRESSURE P R E D I C T I O N  O f  
S O L I D  PROPELLANT I G N I T I O N ,  PROGRAM # l o  

THE FOLLOWING PEOPLE HAVE CONTRIBUTED T O  THIS PROGRAM --- 
K I M  H, PARKER 
W I L L I A M  J-  MOST 
GE'RALD F- DILAUKO 
LAWRENCE H. L I N D E N  
BRUCE W e  MACDONALD 

NOMENCLATURE 

NOTE : NOT ALL OF THE NOMENCLATURE I N  T H I S  

NOTATION REFERS TO ALTERNATIVE SUBROUTINES, 
L I S T  IS USED I N  ANY G l V E N  PROGRAM- SCME 

~ ~ ~ 4 ~ ~ * 8 ~ 4 ~ 4 t ~ * * * 8 * 8 * ~ * ~ * * * * ~ ~ ~ * ~ ~ * ~ * * ~ ~ * * ~ ~ * * * ~ ~ ~ ~ . * ~ ~ * * * ~ * * ~ ~ ~ ~ ~ ~ * ~ ~ * ~ ~ ~ ~ ~ ~  

OFF I N  SUBROUTINE " F L 0 I G " r  
A p B v C  ARE CONSTANTS I N  THE QUADRATIC EQUATIOlu FCR THE I G N I T E R  T A I L -  

ACONST = P C f G * A T I G / ( D S Q R T ( T C I G ) * A T )  
ACROS IS THE PORT CROSS-SECTIONAL AREA OF THE H A I R  CHAiY8ER (CEI**21. 

ALD I S  THE LENGTH OF THE BOUNDARY LAYER LEADING ECGE AHEAD OF THE 

ALPHP IS THE THERMAL D I F F U S I V I T Y  OF THE PROPELLANT ( C M * * 2 / S E C ) .  
ALPLSX = A L  + X 
AN IS THE EXPONENT I N  THE BURNING RATE L A W -  
AS IS THE ?RE-EXPONENTIAL I N  BR = A S * E X P ( E / ( R * T S I )  ( C H / S E C I -  
AT  I S  THE EXEAUST NOZZLE AREA ( C M * * Z ) -  

A L  IS THE NON-DIMENSIONAL ALD-  

PROPELLANT LEADING EDGE ( C M ) ,  

A T I G  I S  THE I G N I T E R  NOZZLE AREA ( C M * * 2 ) -  
8 R  IS THE GU2NING RATE ( Z N / S E C ) -  
BCON = P ( l ) / D S Q R T ( T E M P ( l ) ) -  
CONDUC 1s THE MASS-WEIGHTED AVERAGE OF THE THERMAL C O N D U C T I V I T I E S  

CONST = GAMMA4TCIG OR CAMMA*TIGNN I F  THE NON-ADIABATXCITY OF THE 

C S T A R  IS THE MOTOR CHARACTERISTIC VELOCITY I N  F E E 7  P E R  SECONO- 

OF THE I G N I T E R  AND PROPELLANT GASES M U L T I P L I E D  BY RXTX. 

I G ; I I T E R  FLOW IS KNOWN- 
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CSTARI IS THE IGNITER CHARACTERISTIC VELOCITY IN FEET PER S E c c r m -  
I T  CAN BE BASED ON T C I G  OR T IGNN-  THE CHOICE MUST BE S P E C I F I E D  AND 
USED ACCORDINGLY- 

0 I S  THE T I M E  AT WHICH GIM = 0-0 (SEC), 
DELREF = DELTeTREF (SECONDS)-  
D E L T  IS THE INCREMENT OF TAU -- USUALLY 0-03 U N I T S -  
DELX I S  THE INCREMENT OF G R A I N  LENGTH -- USUALLY 0-01, 
31fF I S  A DUMMY T I M E  V A R I A B L E  U S E D  I N  SUBROUTIKE "\riARUi.l"I 
DPOT I S  THE NON-DIMENSIONAL D E R I V A T I V E  O F  PRESSURE W-R-T, T IHE,  

DT IS THE EXHAUST THROAT DIAMETER ( I N ) .  
DTIG I S  THE I G N I T E R  THROAT DIAMETER ( I N ) .  
E IS THE A C T I V A T I O N  ENERGY OF THE P R O P E l L A N T  (CAL/MOLE),  
EOVEKR I S  THE A C T I V A T I O N  ENERGY E D I V I D E D  BY THE GAS CONSTANT Ii, 

OTDT I S  THE NON-DIMENSIONAL U E X I V A T I V E  OF TEMPERATURE W-R-To T I M E -  

ETPRESVETTEMP ARE THE T2UNCATION ERRORS I N  CALCULATING ' P I  AND ' T I  
U S I N G  THE PREDICTOR-CORRECTOR METHOD, 

FLEQ I S  THE E Q U I L I B R I U M  MASS-FLOW RATE (LBM/SEC) ,  
FLOW IS THE L G N I T t R  MASS fL0I.I RATE i3EFORE THE CUADRATXC T A I L O F F  

GAMMA I S  THE RATXG OF S P E C I F I C  HEATS- 
GANSQ I S  A FUNCTION OF GAMMA, = G A M K A * ; ( i - /  ( G A Y X A - 1 -  ) * * ( G A M M A + l .  ) /  

G I N  I S  TH€ I G N I T E R  MASS FLOW RATE AT ANY T I M E  ~ L J X J S E C ) ,  

I N  L B M / S E C I  

(GAMMA-1.1 

GIMOFL I S  THE NON-DIMENSIONAL I G N I T E R  MASS F L O h  d A T 5 -  
SUBROUTINE 'NXTPNT', 

J X Y Z  IS A V A R I A B L E  WHICH ACTS A S  A S I G N A L  THAT T112~:IhATES EXECUTION 
OF A RUN I F  : 1) THERE I S  A HANGFIRE, OR 2 1  THE XhTEGRATfGN G F  THE 
D I F F E R E N T I A L  EQUATIONS I S  NOT CONVERGING- 

KABANG ACTS A S  A S I G N A L  ON WHETHER OR NOT TO T f S T  F C 3  INCREASING 

KOUNT KEEPS THE PROGRAM FROM GETTING 'HUNG UP'  I N  PERFORMING AN 

LALL I S  A T I M E  COUNTER- 
NOS I S  THE I N T E G R A L  NUMBER OF I G N I T E D  SURFACE ELEHENTS- 
NUX IS THE N U S S E t r  NUMBER AT A G I V E N  P O S I T I O N  X -  
ONEMIX = 1. - X 
P I S  THE NON-DIMENSIONAL CHAMBER PRESSURE- 
POTHAF = P i K ) / D S Q R T ( T E M P ( K ) I ,  T H I S  XS S I M P L Y  A CONSTANT USED I 1 y  

P3 IS THE 3 f M E N S I 2 N A L  I N I T I A L  PRESSURE- 
P C I G  I S  THE &ON-DIMENSIONAL PRESSURE I N  THE I G N I T E 2  CHAMEER- 
PEG I S  THE E G U I L I E R I U M  CHAMBER PRESSURE I N  P S I A ,  I T  CAN BE TAKEN 

P I  = 3,1415926536 
P M I G  = T I G N N * G I X / F L E Q  OR TCIG*GIM/FLEQ-  

P R I N C E  I S  A TEST FOR THE CONVERGENCE OF THE I N T E G R A T I O N  Of- THE 

PRODEN IS THE PROPELLANT DENSITY I N  GM/CM**3- 
PY I S  AN I N T E R M E D I A T E  NON-CONVERGED VALUE OF 'P*- 

THE AREA STEP S I Z E  FROM 0-001 TO 0.01- 

I N F I N I T E  NUMBER OF T I M E  INCREMENTS. 

THE HEAT TRANSFER SUBROUTINEI 

AS E I T H E R  THE THEORETICAL OR EXPERIMENTAL VALUE- 

?N I S  THE NON-DIMENSIONAL BURNING RATE, = P**AN- 

D I F F E R E N T I A L  EQUATIONS- 

Q I S  THE VOLUMETRIC HEAT RELEASE ASSIGNED TO THE SURFACES IN C A l / G r Y -  
Q L  IS THE TOTAL HEAT FLUX AT TAU = DEL, I N  CAL/CM**Z*S€C- 
d;Lf I S  THE TOTAL HEAT FLUX AT TIME W ,  I N  C A L / ( C M * * Z * S E C ) -  
CMCONV I S  THE CONVECTIVE HEAT FLUX AT T I M E  M v  I N  C A L / ( C M * * 2 * S E C ) -  
C ? A  I S  THE PRE-EXPONENTIAL I N  THE SURFACE HEAT RELEASE EQUATIGN, 

= 4*?2ODEN*AS, 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
c 
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GMSURF I S  THE SURFACE HEAT RELEASE, I N  C A L / ( C M * * 2 * S E C ) -  
RENUK I S  THE REYNOLD'S NUMBER COEFFICIENT,  
RENUX I S  THE REYNOLD'S NUMBER EXPONENT, 
REX XS THE REYNOLD'S NUMBER AT G R A I N  POSXTION X, 
i l E X E Q  I S  THE E Q U I L X B R I U M  REYNOLD'S NUMBEKpd X = X L -  

SUhBER, 
REXOMU IS THE GAS V I S C O S I T Y  D I V I D E D  I N T O  THE E G U I L I B R I U M  

D E R I V A T I V E  OF PRESSURE D I V I D E D  8 Y  TEMPERATURE W I T H  RESPECT 
KHELP I S  THE MASS STORAGE TERM I N  ZEX, AND IS EGUAL TO T i  

RXTX = RENUK*TDTFE/XL, 

S 9  I S  THE PER CENTAGE Of G R A I N  SURFACE I C k I i f D .  
S IS THE NON-DIMENSIONAL AREA ALREADY I G N I T E D -  

REYbiCLD'S 
E 
TO TIME, 

SAMEAR ANSWERS THE QUESTION " I S  T t i E  Ai iEA ~u~?.NiriG THE SAME AS L A S T  

SAVEXX I S  THE I N I T :  A L  PROPELLANT TEhtPERATURE CCNVERTEO TO KELVIN.  
SCON = RENUK*XLANG*(TCIG*TFLME-273-15)/XL 
SUM I S  A V A R I A B L E  I N  THE H k A T  T R A N S F E i i  CALCULATION i!HICH REPRESENTS 

THE HEAT FLUX TO THE SUFACE AT A G I V E N  TI i4E P!- 
SURfUS IS THE NON-DIMEJVSIONAL MASS FLUX FROM T H E  .SXIG?ELLAMT SURFACE, 
S Y  I S  THE AREA B U I ~ N I N G  OUi i ING THE CHAMBER f l L L I N G  i r \ T E R V A L , I  = 1 ) -  
TAU IS NON-DIMENSIONALIZED T I M E  
T C I G  I S  THE TEMPERATURE OF THE I G N I T E R  GAS 
T C R I T  IS THE TIPIE AT WHICH THE NOZZLE BETHEEN T h e  I G N I T E R  AND M A I N  

AFFECTS THE I G N I T I O N  TRANSIENT, 
T D I F E  ' I S  THE AVERAGE TEMPERATURE DIFFERENCE BETWEEN THE CHAMYER 

GASES AND THE PROPELLANT SURFACE, 
TEMP IS THE DIMENSIONLESS TEMPERATURE 
TEl4P9 I S  THE DIMENSIONAL I N I T I A L  INTERFACE TEMPE8ATURE- 
TEMPY I S  THE UMCONVERGED VALUE OF THE CHAMBER TEMPERATURE- 
TFLME I S  THE A D I A B A T I C  FLAME TEMPE2ATURE OF THE ?RGP€LLANT, 
THA I S  THE SQUARE ROOT OF THE TEMPERATURE AT TI-IE PaEVIOUS T I M E  STEP, 
THERM = DSQKT{ALPHP/3,1416)/XLAMP 
T I G  IS THE I G N I T I O N  TEMPERATURE OF THE PROPELLAAT 
T I G N N  I S  THE NON-DIMENSIONAL TEMPERATURE OF T E E  I G N I T E 2  G A S  

CALCULATED FROM EXPERIMENTAL I G N I T E R  CSTAR -- ACCCUNTS FCR HEAT 
LOSSES, 

T I H E  ?'* 

C H A M Z E R S  UNCHOKES- WHEN T H I S  OCCURS, THE VOCUME OF THE I G N I T E R  NOW 

T I M E  IS i?EAL T I M E  I N  SECONDS- 
T I X T  IS THE L'ALQE OF THE HEAT FLUX AT A G I V E R  T I M E  M -  
TO IS THE T I M E  AT WHICH THE I G h I T E R  OECAY B E G I N S -  

C T G L E R  IS THE TOLERANCE I N  THE INTEGRATION OF THE D I F F E R E N T I A L  EQUATIONS FC 
C E A C H  P'CINT. 
C TREF IS THE CHARACTERISTIC  T I M E  
b T R E F l  I S  THE NEW CHARACTERISTIC  T I M E  AFTER T H E  I G & I T E R  N i i Z Z L f  
C UNCHOKES, 
C TS I S  THE SURFACE TEMPERATURE AT A G I V E N  P O I N T  CN THE G R A I N  
C f S 3  IS THE I N I T I A L  SURFACE TEMPERATURE OF THE PRCPELCANT IN C E 2 -  C .  
C UCHOKE I S  THE T I M E  AT WHICH THE NOZZLE BETWEEN THE I G N I T € R  AND M A I N  
c CHAXBER UNCHOKES, I 

C V G L  I S  THE VOLUME OF THE CHAMBER 
I 

. c  V O L I G N  IS THE VOLUME OF THE I G N I T E R -  I 
C LrAITAV IS A FUNCTION THAT CALCULATES A WEIGHTED AVERAGE FROM I T S  I 
C ARGUMENTS, 

' c  ViSCOS IS THE HASS-WEIGHTED AVERAGE OF T H E  G A S  V I S C O S I T Y -  
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C X IS THE POSITION ON THE PROPELLANT SURFACE WHGSE HEAT INFLUX IS 
C CALCULATED I N  INARUM'. 
C X ~ ? X ~ , X ~ , X ~ ~ X S V X ~  ARE DUMMY VARIABLES; THEIR VALUES THE CORPCITER 
C OBTAINS FROM WHERE THE FUNCTIONS ARE USED, 
C XL IS T H E  LENGTH OF THE CHAMBER 
C XLAMG IS THE THERMAL CONDUCTIVITY OF THE PROPELLANT COMBUSTION 
C G A S E S  (CAL/CM-SEC-DEG,C). 
c XLAMGI IS THE THERMAL CCNDUCTIVTTY OF THE IGNITER GASES, 
C XLAMJ IS ORIGINALLY THE MASS-WEIGHTED AVERAGE OF THE THERMAL 
C CONDUCTIVITIES OF THE IGNITER AND PROPELLANT G A S E S -  AFTER I T  

C XLAMP IS THE THERMAL CONDUCTIVITY OF THE PROPELLANT 
C XLAS IS THE VALUE OF ' X '  DURING THE LAST PASS THROUGH "rlARUIL1'- 
C XMUG IS THE VISCOSITY OF THE PROPELLANT COMBUSTIGN GASES (G/CM-SECI- 
C XilUGl IS THE VISCOSITY OF THE IGNITER GASES, 
C c 4 4 ~ ~ ~ ~ * ~ 4 * * ~ * * ~ ~ ~ * * ~ ~ ~ ~ ~ * ~ 4 ~ ~ * 4 * 4 ~ ~ ~ ~ * ~ ~ * * 4 * ~ ~ * * 4 ~ ~ * * * ~ * ~ 4 ~ * ~ ~ ~ ~ ~ ~ * 4 ~ ~ ~ ~ ~ ~ * ~ ;  

C 

C IS CALCULATED, IT IS MULTIPLIED BY RXTX(KEN~K4TOIFE/XL), 

DIMENSION S ~ 2 0 0 0 ) ~ P ~ 2 0 0 0 ~ r T E M P I 2 0 0 0 ) r R H E L P ( 2 0 G O ~ ~ R H ~ L ~ ~ 2 ~ G O ~ ~ R E X E ~ U ~ 2 0 0 0 ~ ~  
1 C O N D U C ( 2 0 0 0 l p S U R F U S ( 2 O O O ~ t Q ~ C O N V ~ Z O O O l  

D IMEKSION CARD( 20) 
X L ~ A L P L S X ?  R E X 9  RENUXy 

1 Q ?  DELT, TREFv AT, TSat THEg?!? . > q  TAU, TClGo 
2 TENPI GAMMA? P M I G V  TMIG? TEMPY, ATIG, . ' Z ~ # Y  CSTARt GIE!? 
3 S T  SYt D E t X t  REXEQr P, RHELPq U ? C ' i u  GTOTT AN? 

-c - D O U B L E  PRECISION TDIFE, X ?  
- r r  

4 TOLER, PYpETPRES? TFLME, PLALl TLkL?PLALP;,TLALKl, CONST, 
5 BCCN, SCCNtCSTARl, Ai  a ,  C? 0 .  TOvPkODEN, 
6 A S 1  E t  R, TIME, RXTX? QPAvUCHCKEt TiiEFlr FLOG, 
7DflREFl QM,QMSUKF ,EOVERR,SURFUS,XLAMGI XWUG i *SA': . fXX,  CGhCUC1 
8REXOMUv XMUGtQMCONVv CHAR, FLEQr TIGNNtVISCCSp ) (LASS TIG4r 
9 RENUK? XLAMG 
DOUBLE PRECISION ACROS? ALD, ALPHP, E T ?  C T l G t  GAMSQ, 

1 P9? P I  1 S9, TEMP98 VOLIVOLXGNI XLAMP 
e o u a u  PRECISION DSQRT? DABS,  DEXPvDfLOATt O L O G  
COWMGN RENUKt XLAMGv TDIFE? x, XL.ALPLSX? REXl RENUXI 
1 c?, DELTt TREft AT, TSOt THERM1 TS, TAU? T C l G s  
2 TEXP? GAMlYAt  PMIG? TMIGT TEMPY, ATIG:, PEQ? CSTAK? G I i Y ,  

4 TOLE!?% PY,ETPRESI TFLME? PLAL, T L A L I P L A L M ~ ~ T L A L K ~ ~  CO3JSTv 

6 A S ?  E ,  R? TIME, RXTX, QPA,UCHOKEp TREFl, F L C H ,  
- I D E L R E F ?  Q M ~ Q M S U R F ~ E O V E R R , S U R F U S , X L A M G I , X M U G I  1SAVEXXVCONCUCv 
t!REXGMU, XMUGiQMCONV, FLEQt TIGNN, XLAS? TIG4 

3 s7 SY, DELXt REXEdlr Pt KHELPp DPCT? CTDT, A?; 9 

5 BCCN? SCONtCSTARI, A ?  B i  C? Dt TO, P K i j E E N  

CGMMCN K t  N t  NOS9 ITN 
OATA IDECK/40469/ 
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C 
C THE fOLLOWfNG ARE THE FORMAT STATEMENTS USED IN THIS PROGZAM--- 
C 
I90 FCKMAT (8F10-0) 
140 FOKMAPIIlO) 
141 FOR~~AT(lH1,40X,27HIGNXTIO~ TRANSIENT RUN NO- 714rlSX99HDECK KC)- , 
145 FO235AT ( f H O  1 
I50  FORMAT(ZOA41 
151 F O R : 4 A I I  1H 920A4) 
160 FOiiMkT [ LH ,130( 1H* 1 1 
2 0 9  F O ~ M A T 1 L H l r / 5 X , 3 H T A U ~ 5 X ~ 8 ~ l P ~ E S S U R E I 4 X , I H S , 6 X ~ 4 ~ T ~ ~ ~ ~ 3 X , ~ H ~ E A T  FLUX 

L , ~ X , ~ H ~ M S U R F , S X , ~ H G I M I S X I S H D P / D T ~ ~ X T ~ ~ ~ T / ~ T , ~ X , ~ ~ ~ ~ ~ ~ X ~ ~ H I T ~ , Z ~ , ~ H  
2T I ME 94XT 6HSU8FUS v 3x1 6 H R E  XOMU 7 3X r6HCOMDUC/ 1 

1 1 6 )  

210 FORPIAT(1H r 2 ~ 1 P U 1 0 - 3 ~ ~ 1 P 0 3 ~ 1 ~ ~ P D 9 ~ Z ~ 3 ~ 1 P 0 1 0 ~ 3 ~ ~ 2 ~ ~ ? ~ 8 o 1 ~ ~ 1 P D ~ 0 ~ 3 ~  
lIZ,4(1P09-2)) 

2 1 1  F O R M A T ~ 4 ~ l P D 1 0 ~ 3 ~ ~ 2 2 X , 3 ( 1 P D L 0 , 3 ~ ~ l O X ~ ~ 2 , l ? D l O o 3 )  
218 F O R M A T (  lHO,ZbHCHAMBEK FILLIEJG NGW B E G I N S )  
400 F O R ~ A T t l H O ~ l O X ~ L 7 H E N G I N E  P A R A M E T E R S , 5 0 X , 2 1 H P K ~ ? ~ L ~ ~ ~ ~ ~  PA2kMETEKS/) 
401 FORMATIlH r28HEPUXLIBRIUM CHAMBER P R E S S U R E I ~ X . F ~ - ~ ~ ~ A  ?SIA,20X,5HG 

1AS.lMA 7 35x7 F9- 5 1 
402 FCRMAT(1H r23HCHkRACTEKISTIC VELOCITY,7XsF9-274H F P S ~ Z L X I ~ O ~ I G N I T I  

1 0 N  T E M P E R A T U R E 1 2 0 X I F 9 o Z r 1 9 H  DEGREES CENTIGRADE) 
4 0 3  FORMAT( LH ,121-IGRAIN LENGTH,18X,F9-2,3H CM,22X932HS0LPG Pt-iASE THERM 

IAL C O N D U C T ~ V I T Y ~ ~ X T D ~ ~ ~ ~ , ~ ~ H  CAL/CM-SEC-DEG-C) 

1 C O ~ D C C T f V I T Y ~ l O X ~ D 1 3 ~ 6 ~ 1 7 ~  CAL/CM-SEC-DEGoC) 
404 FORIYAT(1H rllHGRAIN WIDTH,19XtF9-2,3H CN122Xv30HGAS PHASE THEilMAL 

405 FORMAT(1H 714HCHAMBER VOLUME,16X,F9-2,3H CC,22X119HGAS PHASE VISCO 
lSITY r2 1 X,  D13- 6 ~ 9 H  G/ SEC-CM 1 

406 F O R M A T ( 1 H  tl5HTHROAT DIAMETER~15X,F9-4~7H I~CHES,18X,27HADIABATIC 
lFLAME T E ~ P E R A T U R ~ r l 3 X , F 9 - 2 7 1 5 H  DEGREES KELVIN] 

407 FORMAT(1H t25tiPORT CROSS-SECTIONAL AREA~5Xtf9-4rbH SQ C M , l q X t ? H D E i Y  
1SITYo33XVF9-575H G/CC) 

4 0 8  FGR~~~Af(lHO,lOX,14HIGNlTER INPUTS.47XI45HNUSSELr NLIMi3ER - REYNOLD'S 
1 NUMEER CORRELATICN/) 

409 FORMAT(1H r22HIGXITEK CHAMBER VOLUME,8X,F902,3H CC,61X,F6-4) 
410 fORMAT(1H t25HSTEADY-STATE IGNITER FtOW75X~F9-578ti LEK/SEC,39X,THN 

1UX =oF8,5,4H+2EX) 
411 FQR&!ATtLH ;25HPOINT OF IGNITER TAIL-OFF?5X,F9-3,6ti S E C C N 9 S )  
412 FORMAT(1H ,i7HIGNITER BGRN TIME,13XsF9-3,aH S~CCNDSo3CXol8HINITfAL 

1 CONDITIONS 1 
413 FCRHAT(1H 923HPROPELLANT LEADING EDGE,7X,F9-513H CX,22X919HTi!ERMkL 

I C I F F U S ! V I T Y , 2 1 X T D 1 3 - 6 r l O H  SQ CM/SEC) 
414 FORNAT(1H ,21HEQUILIBRIUM M A S S  FLOW,9Xvf9-5,8H L E M / S E C , ~ ? X T ~ ~ H A C T ~  

lVATICN EYERGYr23XvF9- lr9H. CALORIES 1 
415 FORMATllH ,19HCHARACTERISTIC TIME,llX~F9-5~8H S E C O N C S ~ ~ ~ X T ~ ~ H S P E C I  

lFIC E E A T  KELEASE,l9X,F9-3,12H CALORIES/GM) 
416 F0RMAT:lH tlSH + IGNITER VOLUME,LlX,F9-5,8H SECGNDS717X723HliEAT 

IRELEASE P R E - E X P O N E N T I A L ~ ~ ~ X , F ~ - ~ V ~ H  CM/SEC) 
417 FORMAT(1H 730HGAS PEASE THERMAL CONDUCTIVITY,F?o5pl7H CAL/CM-SEC-G 

LEG-CIBX~~OHINITIAL PROPELLANT T E M P E R A T U R E I l O X 7 F 9 - 2 v 1 9 H  DEGREES CEN 
ZT I G i ? A D E  ) 

l T E R  G A S  TEXPERATURE KITH LOSSESp5XvF9-2rlSH DEGREES KELVIN) 
S l S  FG2SlAT(lH , l 9 H G A S  PHASE VISCGSITY11LX1F9,6,9H G/SEC-CKv16X135HIGNi 
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419 FORMAT(1H ,26HPOINT OF IGNITER UNCHOKING,4X7F9,3,8H SECONDS,l7Xq24 

420 FORMAT(1H r15HTiiROAT DIAMETER,15X$F9-477H INCHES) 
4 2 1  FORMAT[ 1H 764X,26HINITIAL GRAIN AREA IGNITED, 17X7F6,1.9H PER CENT) 
4 2 2  FORilZAT(1H ,TX,35HPROPELLANT BURNING RATE INFORKATION) 
4 2 3  FOi?MAT(lH ,77X,29HQUADRATIC TAIL-OFF EXPRESSiChI 
424 FORMAT(1H ,25X,F8-5) 
425 FURMAT(1H 913X93tlR =~F&o5,2H~f,43XlbHGXM = rF9,6r7H*T*T + 7F9-675il 

426 FClRMAT( l t i  ,SX,LRHI~ISCELLANEOUS DATA/ 1 
427 FOKMAT(1H ,59HAVfilAGE TEMPERATURE DIFFERENCE BETWEEN SOLID A h 0  GAS 

4 2 8  FORMAT( 1H ,14HTIME S T E P - S I Z E T ~ ~ X T F ~ ~ ~ )  
4 2 9  FORF”lATI1H ,43HDIFFERENTIAL EQUATION CONVERGENCE TdLERANCEp18XpF9-7 

lHINITIAL CHAHBER P R E S S U R E I ~ ~ X I F ~ . ~ ~ S H  PSIA) 

l*i + ,F9,6//) 

1 ? H A S E S , ~ X , F ~ - ~ T ~ X T ~ ~ H D E G R € ~ S  CENTIGRADE) 

11 
5 0 0  FGRPlAT(1H ?‘THE STEADY STAT€ IGNITER FLOW I S  ‘~013-6,’ LBM/SEC’I 

991 FORXAT(LHOtf4t38H TIME iNCREHENTS WERE USE0 IN THIS RUN) 
990 FORMAT ( l H 1  I 

C PEQ, CSTARt X L S T A K .  DTIG, DT, ALDI AND GIW ARE IN ENGLISH UNITS 
C ALL OTHER PARAMETERS ARE IN C o G o S o  UlzlITS 

2 1  = 3,241592653600 
K = i.ga700 

C 

C T i i I S  DO-LOOP C Y C L E S  THE PROGRAM THROUGH ALL ‘THE RUNS 
C 

R E A D  ( 5 7 1 4 O f  NGRUNS 

DO L f l  JHH=:,NORUNS 
Dt3 1 3 5  I=lr2C30 
SURFUSII) = O,DO 

135 CONTINUE 
& INPUT 
C 
c THIS REAOS THE RUN NUMBER 
C 

C 
C THE F O L L O W I N G  IS A CGMMENT CARD DESCRIBING THE RUN 
c 

RtAD(59 140) IRUN 

READ(5,I.SO) CARD 
R . E A 3 { 5 ; 1 0 0 !  P E Q i G T  
C A L L  Q U A D R A ( A , B I C I D , T O , F L O W ~ U C H O K E )  
i ? E A D { 5 , 1 0 0 )  D T I G , V O L I G N , X L A P ? G I ~ X M U G I  
2€AD(S~l00) WIDTH,Xl7VCL,ACROS,ALD 
XEAD(57fOO) G A M M A . T I G I P R C D E N T A S T E ~ O , ~ S O ~ T F L M E  
2EAD(5,100) K E N U K Y R E N U X , X L A M P ~ X L A M G ~ A L P H P ~ X M U G ~ A ~ ~ Z P R E E X P  
READ(59100) D E t T ~ T O L E R ~ P l l ) ~ T E M P ( l ) , S t l ~ ~ T D i ~ E  

c 
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c 
C 
C 
C 
C 

- c  
c 
C 

DELX = 1.0-3 
I C H E C K  = 0 
I T N  = 0 
J X Y Z  = 0 
KOUNT = 0 
LINES = 0 
P 9  = P ( 1 )  
PI11 = ?(Il/PEU 
PM = 0 - D O  
ONSURF = 0 - D O  
S 9  = S(l)*l-D2 

TENP9 = TSNP(1) 
TEXP ( 1 f = TEMP ( 1  1 / T F L M E  
TIGf;N = T E M P I 1 1  

TAU = 0 - 0 0  

XLAS = 0-DO 

THE FULLObJfNG A R E  a ? .<Ab&AX CUhLTANTS'--- GROUPS OF T E R M S  T H A T  A P P E A U  
IN THE PRIOGRAW I N  V A A I C U S  LOOPS, ETC- BY CALCULATING THEM NOW, JUST 
O N C E ,  S I G h I F I C A N T  COKPUTEK T I M E  IS SAVED- 

A L  = R L D / X L  
A L P L S X  = AL + D E L X  

ARfABN f N  Cl"l,++2 ; WIDTH I N  CM- ; X L  I N  CM. 

C 
AT = Pf * (DTr2 ,54D0 /2 ,DO)* *Z  
A T X G  = PI * '{  i3 T X G * Z -  5 4 D 0 / 2  - 0  I **Z 
CSTA2 = PEQ**(L*DO - AN)*32~174DO*AT/[PRODE~*3.41D-2*At?EABN*PREEXF' 

1)  
F L E Q  = PEQ~~Ts32o174DO/(CSTA~*2.54D0~2o~4~0) 
GAMSQ = G A K ~ - ~ A ~ I 2 . D O / ( G A M K A + 1 0 D 0 ) ) ~ * ( ( G A M ~ A + 1 ~ ~ 0 ) / ( G A M M A - 1 0 D 0 ) )  
T 2 E F  = V O L / t A T * C S T ~ ~ ~ G A ~ S Q * 3 0 - 5 ~ 0 )  
T R f F l  = ( V O L  + v U L I G N ) / ( A T z C S T A h ~ G A M S Q ~ ~ O O 5 D O )  
EclVE22 = -E /K  
Q ? A  = C*PRGDEN*kS 
& i X E Q  = PEQsXL*AT/(CSTA~sACRGS~6.45DO~*l-46D4 
RXTX = RENUK*TDIFE/XL  
S A V E X X  = 273,1500 + T S O  
S C G N  = KXTX*XLANGI 
THEXM = D S Q R T I A L P H P / P I  ) / X L A M P  
T I G 4  = TIG*0,4DO 
T S  = T S O  
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C 
C 

1 
INITIAL OUTPUT 
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15 C;3k' i INUE 
i f  f D A B S ~ S ~ K ~ - O ~ O L D O ) ~ G T ~ L ~ ~ - ~ )  GO TO 1 

C 

I 
I -  
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2 5  CONTINUE 
C A L L  KARUM 

C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
C 
C 
C 

23 

C 
C 
C 

701 

c 
C 
c 
C 
C 

2 4  

851 

8 5 0  
C 
C 
C 

LO 

TEST FOR IGNITION 

I F  T H E  ELEMENT HAS NOT YET IGNITED -- CALCULATE THE PRESENT 
CHAj46ER CONDITIONS, ADVANCE T I M E  B Y  A DELT ( B Y  GOING TO 10 

ELEKEhT AGAIN 
-- A D V A N C I N G  THE LOOP I N D E X ,  N, BY ONE) ,  AND THEN EXAMINING THE 

CONTINUE 

I F  T H E  ELElYENT HAS NCT I G N I T E D ,  THE CURRENT SURFACE B U R N I N G  
A R E A  I S  ECUAL T O  THE PREVIOUS VALUE 

THIS IS A C i i E C K  TC SEE I F  A HANGFIRE HAS OCCU2REC 

I f  THE E L E P l E N T  HAS IGNITED -- P R I N T  THE PREVIOUS CHAMBER 
C E N D I T I G t G S  W I T H  THE NEW AREA, AND THEN L O O K  A T  THE NEXT ELEMENT 
( B Y  GOING T O  151, DO NOT ADVANCE TIME- 

T E S T  FCR END OF FLAME SPREADING 



. 

c 

C 
C TIME IS INCREMENTED 
C 

T A i i  = TAU + DELT 
K = N  
N = N a l  
C A L L  FLOXG 
C A L L  NXT?NT(JXYZ) 

32 CONTINUE 

C 
C T H I S  CHECKS FOR THE CONVERGENCE OF T H E  INTEGRATION, f F  CCNVER- 
C GElzlCE HAS niOT OCCURRED* GO TO THE NEXT RUN 
C 

IFiJXYZ.NE.0) GO TO 111 
P l N l  = ? Y  
S ( N )  = S Y  
TZ,h . :?(N)  = T E M P Y  
~~~I~E(6~211ITAU~PY~SY,TEMPY,GIM,DPDlrDTDTDTtITN~TIME 
L:NzS = L I N E S  + 1 

:pi 2 I T E  ( 6 9 2 09 ) 
LIN€S = 0 

KOUNT = mum + 1 

(LINES-55) 852,853,853 
2 5 3 

:,52 CGNTTNUE 
B-25 



c 

c 
C 
C 
C 
c 
C 
C 

r CI 

34 

i l l  

T E S T  FOR E N D  OF IGNITION TRANSIENT (1.E. A T T A I N H E N T  OF 
E U U Z L I B R I U M  P R E S S U R E )  

I F  T H E  N U M B E R  OF CALCULATIONS HAS EXCEEDED 9000 O R  
I F  I D P D T l  < 0.01 A N D  f f  THE PRESSUiiE IS WXThIN 1% OF ITS 
E Q U I L I B R I U M  VALUE, T E R M I N A T E  THE RUN 
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C 
C 
C 
C 

3 

C 
c 
C 
C 

40 

_- 

SUBROUTINE RUNCHK(J,S,N,OPDT) 
DIMENSION S(2000) 

J = O  
D O U B L E  P R E C I S I O N  S I  OPDT 

I F  S H A S  INCREASE0 BETWEEN TIMES (N -2 )  AN0 ( N I P  R E S E T  T H E  
CGbNTER- I F  NOT, I N C R E M E N T  THE C O U N T E R  BY OI\;E- 

IF(IS(N)-S(N-2))oGToloD-6) G O  T O  40 
K = K + l  
I F I I K ~ L T ~ ~ O O ~ ~ O R ~ ~ O P ~ T o G T ~ O o D O ~ I  RETURN 
W R I T E ( 6 s 3 1 
F O R M A T ~ l H 0 ~ 2 0 X ~ 2 0 ~ 1 H * ~ ~ '  HAiVGFIRE -- EXECUTION OF T H I S  RUN TERMINA 

1TED',lX,20(LH*I) 

J I S  T H E  H A N G F I R E  INDICATOR- If J=981, A H A K G F I R E  HAS O C C U R R E D  
AND T H E  RUN IS TEi?KINATEDo 

J = 9 8 1  
CONTINUE 
K = l  
R E T U R N  
E N D  
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C 
C 
C 

C 
c 
c 
C 

C 
c 
c 

C 
C 

SUBROUTINE NXTPNT(JXY2) 
SUBROUTINE INTEGRATES THE DXFFERENTIAL EQUATIONS USXNG A 
PREDICTOR-CORRECTOR METHOD 

DIMENSION S ~ ~ ~ ~ ~ ~ , P ~ ~ O ~ ~ ~ ~ T E M P ~ ~ O O O ~ ~ R H E L P ~ ~ O O O ~ T R E X O ~ U ~ Z O ~ O ~ ~  
~ ~ ~ ~ ~ ~ C ~ 2 0 0 0 ) ~ S U ~ ~ U ~ o r B M C O N V ( 2 0 0 0 )  

D O U B L E  PRECISION TDIFE, X ,  XLIALPLSX, R€XT K E N U X ,  
L Q 7  DfLTr TREFt ATP T S O ,  THERM, TS, TAUT TCIGT 
2 TEMP, GAMMA, PMIG, TMIGT TEMPY, ATIG, PEd, CSTART GIN, 
3 5 ,  S Y ,  DEtXv R f X E Q p  P ,  RHELPp DPCTI CTDT. AN I 

4 TOLER,  PY,ETPRES* TFLMET PLAL, TLALTPLALKl,fLALMl, CGKST, 
5 B C O i i T  SCCNTCSTARI t A, B ,  C, a ,  TOTPXOCENT 
6 A S  T E T  8, TIME? RXTXT Q P A T U C H C K ~ ~  T K E F ~ T  FLOW, 
7DELREF7 Q K T Q M S U R F , E G V E R R ~ S U R F U S , X L A ~ ~ I , X ~ U G ~  rSAVEXXtCONCUCT 
aREXOXU7 XMUC,CMCONV, CHAR, FLEQT TIGNNTVXSCCS, XLAST TIG4r 
9 R E N U K ,  X L A M G  
DOUBLE PRECISION GIKOFLT THAT T N M 2 p  PNEWT TNEW, DPsEbi, 

1 DTNE!*I, DPDTL, D T D T L ,  POLO, TOLD. PPREO, TPRED. P N M l t  TNEl, 
2 PNM2, Xl, x2 t x 3 i  x 4 7  X5T X6,WAITAVw PRINCE 
DOUBLE PRECISION DSQRT, DABS, DEXP,OFLOATi CLOG 
COMMGN RENUKT XLAMG, TDIFET X ?  XLTALPLSX, R E X ,  R E N U X I  

I Q7 D E L T ,  TREF, AT, TSO, THERM, TS. TAU7 TCIGI 
2 TEMP, GAMMA. PMIG, TMIG, TEMPYp ATIG. PEP7 CSTART GIMT 
3 S T  SY,  DELX, REXEQ, P I  RHELP, DPOTT CTDTt AN 9 

4 TOLERT PYtETPRES, TFLMEt PLAL, TLAL,PLALMftTLALMlr CONST, 
5 BCCN, SCONvCSTARl, A, B t  C, 0. TO,PRQCEN, 
0 AS , E T  R, TIMET RXTX, QPA,UCHOKE, T R E F ~ T  FLGWt 
7DELREFv Q M , Q M S U R F , E O V E R R , S U R F U S ~ X L A M G I ~ X M U G I  ~SAVEXXICONCUCT 
8REXOPUy XMUGTQMCONV. FLEQT TIGNNt XLAS, TIG4 

C G K R C N  K T  N, NOS, ITN 

X ~ T X Z T X ~ ~ X ~ , X ~ , X ~  ARE DUMMY VARIABLES; THEIR VALUES THE COMPUTER 
OSTAINS FRGM h 'hER€ THE FUNCTXONS ARE USED- 

GIrJI.OFL IS THE NONDXMENSIONAL IGNITER FLOW RATE 

GIMOFL = G I M / F L E G  

S L E S S  THAN 1 
INITIAL CONDITIONS -- N=l 
E T P X E S  = 0.00 
ETTEXP = 0.00 
THA = OSQRT ( TEMP ( 1) I 
PN = P(l)**AN 
S G i i f l l S ( 1 )  = S(i)*PN 
?I I 3C 0 S = k A I T A v ( XM UG , s URF US ( 1 ) X MUG X , G I MO F L 1 
r C L X C X U ( i \ i )  = REXEQ/VISCOS 
C G N D U C ( & )  = K A I T A V ( X L A M G ~ S U R F U S ( l ) ~ X L A M G I , G I M O F L ) * R X T X  
D P D T  = CAMMA*(SURFUS(lI - P W * T H A  + PMIG) 
O T D T  = ~ ~ ~ P ( ~ ) ~ ( ( ~ A M M A - T E M P ~ ~ ~ ) ~ S U R F U S ~ ~ ~ / P ~ ~ I ~ ~ G A M ~ A - ~ ~ D O ~ ~ T H A  

I F  1N-2) 5,lSrZO 

5 CONiINUE 

l+TMIG/PLl)) B-28 
~~ 



C 
c 
C 
c 

C 
C 

C 
C 

15 

THE: F I R S T  P O I k T  HAS B E E N  C A L C U L A T E D .  C O N T R O L  I S  R E T U R N E D  TO T H E  
M A I N  P R O G R A M  

R E T U R N  
N = 2  T H E  S E C O N D  P O I i v T  I S  C A L C U L A T E D  U S I N G  A MOCIFIEO R U N G E - K U T T A  
SCtiEME 
C O N T I N U E  

T H I S  E S T I N A T E S  T H E  S E C C N D  S E T  OF PClfNTS 
C 

PNEW = P ( K )  + D E L T * D P D T  
T N E H  = T E M P t K )  + D E L T * D T O T  
PN = PNEW**AN 
THA = D S Q K T I T N E W )  

c 
C 
c 
c 

C 
C 
C 
C 
C 
C 
C 

2 0  
21 

C 
- c  

c 

S U R F U S  I S  T H E  N O N - D I M E N S I O N A L  MASS F L U X  F R C M  T H E  S U R F A C E  OF TkE 
P R O P E L L A N T -  

S U R F U S ( K 1  = S ( K ) * P N  

R E X U K U ( N 1  = R E X E Q / V I S C C S  
CONCUCIN) = W A I T A V ( X L A M G t S U i 3 F U S ( K ) r X L A M G 1 1 G I ~ G I M O F L ) * R X T X  
P ( N 1  = P(K) 
TEMPlN) = T E E . I P ( K )  
DPNEW = G A M M A * ( S U R F U S ( K )  - PMEW*THA + P M I G )  
D T N E W = T N E W ~ I ( G A M ~ A - T ~ ~ ~ ) * S U ~ F U S ( K ) / P N E W - ~ G A ~ ~ A - l . ~ O ) * T H A + T M ~ G / P N E ~  

V I S C O S  = W A I T A V ( X M U G I S U R F U S ( K ) t X M U G X , G X ~ O F L )  

1 )  
P ( N )  = P ( K )  + D E L T / Z , D O * ( D P D T  + D P N E W )  
T E M P ( N )  = T E M P ( K 1  + D E L T / Z - O O * ( D T D T  + D T N E W )  
O P D T  = DPNEN 
D T D T  = D T N € N  
R H E L P ( N )  = ( D P D T - P ( N ) * D T D T / T E M P ( N ) ) / T E M P ( N )  
R E T U R N  

T I i E  F X R S T  TWO P O I N T S  H A V E  BEEN C A L C U L A T E O -  NOW T H E  P R E D I C T O R -  
C O R R E C T O R  METHOD CAN BE USED 

N G R E A T E R  T H A N  TWO 
T E S T  F O R  E N D  OF F L A M E  S P R E A D I N G  

I F  ( S ( K )  - 0.99900) 2 1 r 8 0 1 8 0  
C Q N T l N U E  
I T N  = 0 
D P D T L  = O P D T  
D T D T L  = D T D T  

T H E  P R E D I C T O R - - - -  

PCjLD = P [ N - 2 )  + Z - D O * D E L T * D P D T L  
T O L D  = T E M P ( N - 2 )  + Z I D O * D E L T * D T D T L  
P P R E D  = P O L O  
T P R E D  = T O L D  B-29 



55 

C 
C 
C 
C 
C 
C 

C 
C 
C 

62 
60 
61 

C 
C 
C 
C 

6 5  

CONTINUE 
PN = POLD**AN 
THA = DSQRT(T0 D) 
SURFUS(K1 = S(KI96PN 

KEXOMU(N) = REXEQ/VISCOS 

DPOT = GAMMA*ISURFUS(KI - POlD*THA + PMIG) 
D T D T = T O L D ~ ~ ~ G A M M A - T O L D ~ + S U R F U S o / P O t D - ~ G A M M A - l . D ~ ~ ~ T H A + T M I ~ / P O L D ~  

VISCOS = W A I T A V ( X M U G v S U R F U S I K ) , X M U G I 1 G I M O F L I  

CONDUCIN) = WAITAV(XLkMG~SURFUS(K),XLAMGXsGIMGFL)*RXTX 

THESE ARk THE PREDICTED VALUES, THEY ARE NOW CORRECTED 

THE CCRRECTOR --- 
P(N) = P ( K )  + DELT/2,OO*(DPDTl + DTDT) 
TEMP(N) = TEHPIK) + DELT/2,0O*(DTDTL + DTDT) 

TEST FOR CONVERGENCE OF INTEGRATION 

I F  (PRXNCE(POLDsP(N))) 6 2 ~ 6 0 ~ 6 0  
IF t?RI~CE(TOLD,TEMP(N))) 6Sr60960 
XF(ITN-l0)61,96s96 
CONTINUE 
POLO = P ( N )  
TOLD = TEHP(N1 
ITN = XTN+1 
GO TO 5 5  

ETPRES AND ETTEMP ARE THE TRUNCATION ERRORS ACCUKULATED DURING 
THE INTEGRATION ITERATIONS, ON THE PRESSURE ANC TEMP, RESPECTIVELY 

CONT I NU€ 
P(N) = P(N) + ETPRES 
TEMP(N1 = TEMP(N1 + ETTEMP 
ETPRES = Z-D-L*(PPRED-P(N)) 
ETTEMP = 2,0-14(TPRED-TEMP(N)) 
RHELP(N) = (DPDT-p(N) *DTDT/TEMP(N) ) /TEMP(N)  
RETURN 
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C 
C 
C 
C 
C 
C 
C 
80 

8 5  

9 2  
90 
96 

2 5 0  

S EQUALS 
JNTEGRAT 

ONE -- CHAMBER F I L L I N G  
NG SCHEME SAME AS BEFO 

PNM1, PNM2 ARE THE TWO PREVIOUS 

I N T E R V A L  
E 
POINTS. POLO STARTS AS THE 

P R E D ~ C T E D  PRESSURE, THEN I S  ITERATED WITH PY IN THE CORRECTOR 
FORMULA. 

CONTINUE 
PNMl  = P L A L  
T N M l  = T L A L  
PNM2 = P L A L M l  
TNM2 = T L A L M A  
PN = PNMA**AN 
THA = DSQRT(TNMA1 
DPDTL = GAMMA*(PN - PNMl*THA + P M I G )  

I T N  = 0 
D T D T L = T N M l s ( ( G A M M A - T ~ M l ) s P N / P N M l - ( G A M M A - ~ . ) * T H A + T M I G / P N M l )  

POLO = PNM2 + 2oDO*DELT*DPDTL 
TOLD = TNM2 + 2-DO*DELT*DTDTL 
PPRED = POLD 
TPRED = TOLD 
CONTINUE 
PN = POLD**AN 
THA = D S Q R T ( T 0 L D )  
CALL F L O I G  
DPDT = GAMMA*(PN - POLD*THA + P M I G )  

PY = P N H l  + DELT/2,DO*(DPDTL + DPDT) 
TEMPY = TNMA i DELT/2 .D0* IDTDTL + D T D T )  

DTDT = TOLD*(  (GAMMA-TOLD)*PN/POLD-(GAMMA-l.DO)*TtiA + T M I G / P O L D )  

I F  ( P R I N C E ( P O L D v P Y 1 )  92990990  
I F  ( P R I N C E ( T O L D v T E M P Y 1 )  95190990 
I F ( 1 T N - 1 0 )  91996996 
CONTINUE 
W R I T E ( 6 r 2 5 0 )  
F O R M A T ( A H O v 2 0 ( 1 H * ) r 8 8 H  PREDICTOR-CORRECTOR SCHEME HAS i%OT CGNVERGE 

1 D  AFTER 10 I T E R A T I O N S ;  EXECUTION TERMINATED , 2 0 ( 1 H * ) / )  
JXYZ = 1200 
RETURN 

POLD = PY 
TOLD = TEMPY 
I T N  = I T N  i 1 
GO TO 85  

91 CONTINUE 

C 
C THE ABOVE F I V E  STATEMENTS RESTART THE CORRECTOR CYCLE 
C 

B-3 1 



9 5  CONTINUE 
PY = P Y  + ETPRES 
TEMPY = TEMPY + ETTEMP 
ETPRES = OoZDO*(PPRED-PY) 
ETTEMP = Oo2DO*(TPRED-TEMPY) 

C STORAGE OF LAST TWO P O I N T S  FOR NEXT T I M E  AROUND 
PLAL = PY 
TLAL = TEMPY 
P L A L M l  = P N H l  
T L A L M l  = T N N l  
RETURN 
END 
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SUBROUTINE WARUM 
C 
C SUBROUTINE CALCULATES THE TEMPERATURE AT A G I V E N  S T A T I O N  BY 
C I N T E G R A T I N G  THROUGH T I M E  THE HEAT TRANSFERRED TO I T  
C THE I N T E G R A T I O N  I S  DONE BY SUMMING AREAS- THE AREAS ARE €VALUATED 
C AT THE M I D D L E  OF THE I N T E R V A L  SO THAT ERRORS TEND TO CANCEL. 
C 

D I M E N S I O N  S ~ 2 0 0 0 ~ t P ~ 2 0 0 0 ) t T E M P ~ 2 O O O ~ t R H E L P ~ 2 O O O ~ t R E X O M U ~ 2 O O O ~ ~  

D I M E N S I O N  P O T H A F ( ~ O O O ) T S Q ( Z O O O )  
L O G I C A L  SAMEAR 

~ C O N O U C ( ~ O O O ) T S U R F U S ( ~ O O O ) T Q M C O N V ( ~ O O O )  

DOUBLE P R E C I S I O N  T D I F E ,  x t  X L p A L P L S X t  REXt RENUX, 
1 0, DELT, T R E F t  AT9 TSO, THERM9 T S T  TAU, TCIG,  
2 T E M P I  GAMMA, PMIG,  TMIG.  TEMPYt A T I G T  P E Q t  CSTART G I M ,  

4 T O l E R t  P Y t E T P R E S t  TFLMEv PLAL, T L A L 9 P t A L H l t T L A L M l r  CONST, 
5 BCCNV SCONVCSTARI, A t  8 9  C, D T  TOIPRODEN, 
6 A S t  E T  RI T I M E T  RXTX, QPAvUCHOKEt TREF1, FLOW9 
7DELREF t Q M t Q M S U R F t E O V E R R t S U R F U S ~ X l A M G I ~ X M U G I  tSAVEXXvCONDUCt 
8REXOMUe XMUGtQMCONVt CHAR, FLEQr  T I G N N p V I S C O S t  X L A S t  T I G 4 ,  
9 RENUK, XLAMC 

1 TERM19 TERM2r D I F F  

3 5 ;  c v ;  n F t _ Y ,  R G Y F Q ,  P -  RUFIP ,  nPnT, n T n T ,  A N  

DOUBLE P R E C I S I O N  P O T H A F I  T I N T 9  SOTONEMIXI SUM* a19 

DOUBLE P R E C I S I O N  DSQRT, DABS, D E X P t D F L O A T v  DLOG 
COMMON RENUKt  XLAMG? T D I F E t  X I  X L I A L P L S X V  REX. RENUXt 

1 Q t  DELT, T R E F t  AT, TSOt  THERM9 TS, TAUT T C I G t  
2 TEMP, GAMMA,. P M I G t  T M I G t  TEMPYV ATIG,  P E Q t  CSTARt  G I N ,  
3 s t  S Y t  D E L X t  REXEQ, P t  RHELP, D P O T t  GTOTp ANT 
4 T O L E R t  PYvETPRES, TFLME, PLAL, TLAL,PLALMl ,TLALMl9  CONST, 
5 BCONI  SCONvCSTARI t A I  6, C, D t  TOtPRODENt  
6 A S t  Et R t  TIME, R X T X t  QPAtUCHOKET T R E F l t  FLOWt 
7 D E L R E F T  QM~QMSURF,EOVERR~SURFUStXLAMGItXMUGI VSAVEXXtCONDUCt 
8REXOMU9 XMUG,QMCONVw FLEQp T I G N N t  XLAS, T I G 4  

COMMON K T  N, NOS, I T N  
C 
C THE SURFACE HEAT RELEASE EQUATION HAS THE FORM 
C OMSURF = Q 4 P R O D E N ~ A S * E X P ( - E / ( R s l T S  + 2 7 3 - 1 5 ) ) )  9 WHERE 
C 0 IS AN EMPIRXCAL CONSTANT9 PRODEN I S  THE PROPELLANT DENSITY, A S  IS 
C A D I M E N S I O N A L I Z I N G  BURNING RATE FOR THE EXPONENTIAL TERMt E IS THE 
C A C T I V A T I O N  ENERGY OF THE PROPELLANTI  R IS THE UNIVERSAL GAS CONSTANT, 
C AND TS I S  THE TEMPERATURE OF THE SURFACE OF THE PROPELLANT9 I N  
C DEGREES CENTIGRADE. 
C 
C 
C X IS THE G R A I N  ELEMENT B E I N G  EXAMINED 
C 

X = DFLOAT(NOS)*DELX 
P O T H A F ( K 1  = P ( K ) / D S Q R T ( T E M P ( K ) )  

CHAR = TREF 
GO TO 200 

CHAR = T R E F l  

IF(DFLOAT(K)*OELT.GT,UCHOKE) GO TO 150 

150 CONTINUE 

200 CONTINUE B-33 



C 
C 
C 
C 

C 
c 
C 
C 

C 
C 
c 

5 

C 
C 
C 
30 

C 

10 
C 
C 
C 
C 
C 
C 

T H E  CHARACTERISTIC  T I M E  TO BE USED IS DETERMINED BY WHETHER OR 
NOT THE IGNIT'ER HAS UNCHOKED 

SQ(K) = DSQRT(CHAR/TAU)  
IF(DABS(XLAS-X)-GT-TOLER) GO TO 5 

IF X IS THE SAME AS THE PREVIOUS VALUE, THE FOLLOWING 
CALCULATIONS CAN BE OMITTED 

REX = REXOMU(K)*ALPLSX*(POTHAF(K) + O N E M I X * R H E L P ( K ) )  
QMCONV(K) = CONDUC(K)/ALPLSX*REX**RENUX 

SAMEAR = 'SAME AREA' 

SAMEAR = -TRUE- 
GO TO 30 
CONTINUE 
ALPLSX = ALPLSX + DELX 
ONEMIX = 1-00 - X 
SAMEAR = -FALSE-  

NOW WE ARE A T  A NEH AREA 

CONTINUE 
SUM = O.DO 
REX = REXEQ*ALPLSX*(POTHAF(l)+ONEMIX * R H E L P ( l ) ) / X M U G I  

Q 1  = SCON*REX**RENUX/ALPLSX 
QM = Q l  
T E R M 1  = DSQRT(TREF/TAU)*QH 
SUM = DELT*TERMl  

DXFF = TAU 

CONTINUE 

SCON = KENUK*XLAMG*(TCIG*TFLM€-Z?3-~51 /XL  

QMSURF = 0 - D O  

IF ( N  - 31 35,10110 

T H I S  LOOP INTEGRATES THE HEAT FLUX THROUGH T I M E  TO GET THE 
SURFACE TEMPERATURE 

HERE ADVANCING M CORRESPONDS TO ADVANCING T I M E -  
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DO 20 M = 2 r K  
D I F F  = DIFF - DELT 

C 
C 
C 
C 

40 

C 
C 
C 
C 
C 

C 

I F  THE SAME X A S  I N  THE PREVIOUS PASS THROUGH THE SUBROUTINE XS 
B E I N G  EXAMINEDv THE NEXT TWO STATEMENTS ARE BYPASSED 

I F  (SAMEAR) GO T O  40 
R E X  = REXOMU(M)*ALPLSX*(POTHAF(M) + ONEMIX*RHELP(M) )  
QMCONV(M1 = CONDUC(M)/ALPLSX*REX**RENUX 
CONTINUE 
Q M  = QMCONV(M1 + QMSURF 
TERM2 = SQ(N-M)*QM 

TERM1 = TERM2 . 

TS = THERM*SUM 

T I N T  = (TERM2 + TERML) /Z -DO 

- CllH -. = C l l M  - _  + nFIT*TfNT 

I F  THE SURFACE TEMPERATURE IS LESS THAN 40% OF THE IGNXTION 
TEMPERATUREv THE SURFACE HEAT RELEASE TERM NEEO NOT BE 
CALCULATED 

I F I T S - L T o T I G 4 )  GO TO 20 

C QPA = Q*PRODEN*AS 
C EOVERR = -E/R 
C SAVEXX = 273.15 + TSO 
C 

QMSURF = QPA*DEXP(EOVERR/(TS+SAVEXX)) 

T I N T  = DSQRT{2,DO*CHAR/DELT)*aM 
SUM = SUM + O E L T l T I N T  

35 CONTINUE 
TS = TSO + THERMISUM 
X L A S  = x 
RETURN 
END 

2 0  CONTINUE 

B-3 5 



SUBROUTINE F L O I G  
C 
C 
C 
C 

C 
C 
C 
C 

SUBROUTINE SUPPLIES THE IGNITER EFFECTS 
'T' IS THE REAL TIMET I N  SECONDS- 

DIMENSION S ( ~ O O O ~ ~ P ( ~ O O O ) I T E M P ( Z O O O ) ~ R H E L ~ ( ~ O O O ) ~ R E X O M U ( ~ O O O ) ~  
lCONDUC(2000) ,SURFUS(2000) rQMCONV(2000) 
DOUBLE PRECISION TDIFE, X, XLVALPLSX, REX, RENUXI 
1 Q T  DELTt TREFI AT1 TSOt THERMp TSI TAUT TCIGI 
2 TEMPI GAMMA* P M I G I  TMXG, TEMPY, ATXGI P E Q ,  CSTARi GIMi 
3 S ,  SY, DELX, REXEQt PI RHELP, DPCTi DTDTi AN I 
4 TOLERi PYIETPRES? TFLMEI PLAL, TLACIPLALK~,TLALM~~ CONSTI 
5 BCONI SCONICSTARII AI B I  CI 01 TOIPRODENI 
6 ASi E, R, TIME1 RXTXp QPAIUCHCKE. TREFl. FLOW1 
7"E'_REC; s A': Ex:, cc::c:c, 
8RExcMu1 XMUGVQMCONVI CHART FLEQ, TIGKNIVISCCSI XLASI TIG4r 
9 RENUKT XLAMG 

Q M  ~ Q M  s ','OF i E 2'!f p.?. E c!? !=YE.. XL,: uc I !!I.".L'c : 

- DOUBLE PRECISION OSQRTI DABS. DEXPvDFLOATi DLOG 
COMMCN RENUKT XLAMGI TDIFEi X I  XLIALPLSX, REX, RENUX, 
1 Q I  DELTI TREF, AT1 TSOi THERM? TS, TAU, TCIGI 
2 TEMPI GAMMA, PMIGp TMIG, TEMPYp ATIGI P E Q I  CSTARt G I M t  
3 S,  SYI DELXI REXEQi P, RHELP, DPDTI DTDTt ANI 
4 TOLERW PYIETPRES~ TFLME, PLALI TLAL~PLAL~'!~ITLALM~I CONST, 
5 BCONt SCON,CSTARI 9 A t  B r  C I  0, TO? PRODEN, 
6 ASI E? RI TIME, R X T X ?  QPAtUCHOKEt TREFlt FLOW9 
7DELREF 9 QM,QMSURF,EOVERR,SURfUSiXLAMGIiXMUGI ~SAVEXXICONDUC, 
8REXOMU, XMUGIQMCONV~ FLEQv TIGNNI XLAS. T I G 4  
COMMON K ,  N, NOS1 ITN 
IF(TAUoLToUCH0KE) GO TO 800 

I F  THE IGNITER HAS UNCHOKEDV THE CHARACTERISTIC TIME HAS 
INCREASED DUE TO THE AODITIONAL VOLUME 

TIME = UCHOKE*TREF + (TAU - UCHOKE)*TREFl 
GO TO 801 

TIME = qAU*TREF 
800 CONTINUE 

801 CONTINUE 
C 
C THE NEXT THREf STATEMENTS EXPRESS THE IGNITER M A S S  FLOW RATE A S  A 
C FUNCTION OF TIME--THE SECOND STATEMENT, WHICH IS A QUADRATICALLY 
C DECREASING FUNCTION? USING THE FOLLOWING AS INPUT CONSTANTS--- AtBiC? 
C DITO- 
C 

IF (TIME,LT,TO) GIM = FLOW 
I F  ((TIMEIGToTO),ANDo(TIME.LJoD)) G I M  = C + TTIME*(B + TIME*A) 
IF (TIMEoGToD) GIM = 0-0 
PMIG = TIGNN*GIM/FLEQ 
IF (N-EQ-1) GO TO 901 
TMIG = PMIG/TIGNN*(GAMMA*TIGNN - TEMP(K1) 
RETURN 

TMIG = PMXG/TIGNN*(GAMHA*TIGNN - TEMP(1)) 901 CONTINUE 

iZETURN 
END 
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SUBROUTINE Q U A D R A ( A ~ B ~ C I O ~ T O ~ F L O W , U C H O K E )  
C GIVEN THREE POINTS A S  INPUT, THIS SUBROUTINE CALCULATES THE C O E F F I -  
C CIENTS IN THE QUADRATIC EXPRESSION F O R  THE IGNITER TAIL-OFF IN 
C SUBROUTINE 'FLOIG'e 

DOUBLE PRECISION Xt Y ,  At 8 ,  C, Z,  
1 Dt TO, FLOW,UCHOKE 
DIMENSION X(3)tY(3) 
KfAD(5p100) XtYvUCHOKE 

2 = (Y(2)-Y(l))/(X(2)-X(l)) 
A = ( ( Y ( 3 ) - Y ( l ) ) / ( X ( 3 ) - X ( 1 ) ) - Z ) / o - X ( 2 ) )  
B = Z-A*(X(2)+X(l)) 
C = Y(l)-A~X(1)*~2-B*X(L) 
f L O W  = Y t l )  
TO = X ( 1 )  

RETURN 
END 

100 FORHAT(8FlOeO) 

n - \ , * ? S  
v -  n \ d i  
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c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

COMMENTS 

PROGRAM NAME ---- PPSPIG2,  FOR PRESSURE P R E O I C T I G N  OF 
S O L I D  PROPELLANT I G N I T I G N ,  PROGRAM #20 

THE FOLLOWING PEOPLE HAVE CONTRIBUTED TO T H I S  PROGRAM --- 
K I M  H -  PARKER 
W I L L I A M  J-  MOST 
GERALD Fa D I L A U R O  
LAWRENCE H -  L I N D E N  
BRUCE W -  MACDONALD 

NOMENCLATURE 

NOTE : NOT ALL OF THE NOMENCLATURE I N  T H I S  

NOTATION REFERS TO ALTERNATIVE SUBROUTINES. 
L I S T  IS USED I N  ANY G I V E N  PRCGRAM- SOME 

~ 4 4 ~ ~ ~ 4 $ ~ ~ 4 ~ ~ 4 4 ~ * * $ ~ ~ * ~ ~ $ ~ $ $ 4 ~ ~ * 4 * ~ $ ~ * * ~ ~ ~ ~ $ ~ ~ * ~ ~ $ 4 * ~ ~ ~ ~ * ~ ~ ~ 4 4 ~ $ 4 * ~ ~ ~ ~ ~ ~ 4 ~ ~ 4 ~  

OFF I N  SUBROUTINE "FLO1G''- 
A p B t C  ARE CONSTANTS I N  THE QUADRATIC EOUATION'FOR THE I G N I T E R  T A I L -  

ACONST = PCIG*ATIG/(DSQRT(TCIG)*ATl 
ACROS IS THE PORT CROSS-SECTIONAL AREA OF THE MAIN CHAMBER ( ~ ~ 4 4 2 1 .  
A L  IS THE NON-DIMENSIONAL ALD-  
A L O  IS THE LENGTH OF THE BOUNDARY LAYER L E A D I N G  EDGE AHEAD OF THE 

PROPELLANT L E A D I N G  E D G E  ( C M 1 -  
ALPHP IS THE THERPiAL D I F F U S I V I T Y  OF THE PROPELLANT ( C M * * 2 / S E C I -  
ALPLSX = AL + X ' 

AN I S  THE EXPONENT I N  THE BURNING RATE LAW- 
A S  I S  THE PRE-EXPONENTIAL I N  BR = A S * E X P ( E / ( R * T S ) )  ( C M / S E C ) -  
AT is THE EXHAUST NOZZLE AREA ( C M * * 2 ) -  
A T I G  I S  THE I G N I T E R  NOZZLE AREA (CM**Z) -  
B R  IS THE BURNING RATE ( I N / S E C ) o  
6CON = P ( l I / D S Q R T ( T E M P ( l ) l -  
CONDUC IS THE MASS-WEIGHTED AVERAGE OF THE THERRAL C O N D U C T I V I T I E S  

OF THE I G N I T E R  AND PROPELLANT GASES M U L T I P L I E D  BY RXTX- 
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C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 

? C  
C 

. c  
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 

h c  

' c  

CONST = GAMMA*TCIG OR GAMMA*TIGNN IF THE NON-ADIABATICITY OF THE 

CSTAR IS THE MOTOR CHARACTERISTIC VELOCITY IN FEET PER SECOND, 
CSTARI IS THE IGNITER CHARACTERISTIC VELOCITY IN FEET PER SECCND, 

IGNITER FLOW IS KNOWN, 

IT CAN BE BASED ON TCIG OR TIGNN- THE CHOICE MUST B E  SPECIFIED AND 
USED ACCORDINGLY. 

D IS THE TIME AT WHICH GIM = 0 - 0  (SECI- 
DELREF = D E L T * T R E F  (SECONDS), 
DELT IS THE INCREMENT OF TAU -- USUALLY 0.03 UNITS. 
OELX IS THE INCREMENT OF GRAIN LENGTH -- USUALLY 0-01, 
DIFF IS A DUMMY TIME VARIABLE USED IN SUBROUTIKE "WARUM". 
DPDT IS THE NON-DIMENSIONAL DERIVATIVE OF PRESSURE W-R-T. TIME, 
DTDT IS THE NON-DIMENSIONAL DERIVATIVE OF TEMPERATURE W.R,T- TIME, 
DT IS THE EXHAUST THROAT DIAMETER (IN), 
DTIG IS THE IGNITER THROAT DIAMETER (IN). 
E IS THE ACTIVATION ENERGY OF THE PROPELLANT (CAL/MOLE). 
EOVERR IS THE ACTIVATION ENERGY E DIVIDED BY THE GAS COPiSTANT R, 
ETPRESIETTEMP ARE THE TRUNCATION ERRORS IN CALCULATING 'P' AND 'T' 

USING THE PREDICTOR-CORRECTOR METHOD- 
FLEQ IS THE EQUILIBRIUM MASS-FLOW RATE (LBM/SEC), 
FLOW IS THE IGNITER MASS FLOW RATE BEFORE THE OUADRATIC T A T l f l F F  

GAMMA IS THE RATIO OF SPECIFIC HEATS, 
GAMSQ IS A FUNCTION OF GAMMA7 = GAMMA*(2-/(GAMMA-l-l**(GAMMA+l-l/ 

IN LBM/SECo 

(GAMMA-1- I 
GIM IS THE IGNITER MASS FLOW RATE AT ANY TIME tLBM/SEC), 
GIMOFL IS THE NON-DIMENSIONAL IGNITER MASS FLOW RATE. 
ITN IS THE NUMBER O f  ITERATIOaS USED IN EACH TIME STEP IN 

J X Y Z  IS A VARIABLE WHICH ACTS A S  A SIGNAL THAT TERMINATES EXECUTION 
SUBROUTiNE 'NXTPNT', 

OF A RUN If : 1 )  THERE IS A HANGFIRE, OR 2 )  THE INTEGRATION OF THE 
DIFFERENTIAL EQUATIONS IS NOT CGNVERGING, 

INFINITE NUMBER OF TIME IhCREMENTS, 
KOUNT KEEPS THE PROGRAM FROM GETTING 'HUNG UP' IN PERFORMING AN 

LALL IS A TIME COUNTER, 
NOS IS THE INTEGRAL NUMBER OF IGNITED SURFACE ELEMENTS, 
NUX IS THE NUSSELT NUNSER AT A GIVEN POSITION XI 
ONEMIX = 1. - x 
P IS THE NON-DIMENSIONAL CHAMBER PRESSURE- 
POTHAF = PIK)/DSQRT(TEMP(K)I, THIS IS SIMPLY A CONSTANT USED IN 

P9 IS THE DIMENSIONAL INITIAL PRESSURE, 
PCIG IS THE NON-DIMENSIONAL PRESSURE IN THE IGNITER CHAMBER. 

THE HEAT TRAlvSFER SUOROUTINE- 

PEQ IS THE EQUILIBRIUM CHAMBER PRESSURE IN PSIA- IT CAN BE TAKEN 
AS EITHER THE THEORETICAL OK EXPERIMENTAL VALUE- 

PI = 3,1415926536 
PMIG = TIGNN*GIM/FLEQ OR TCIG*GIM/FLEQ. 
PN IS THE NON-DIMENSIONAL BURNING RATE7 = P**AN- 
PRINCE IS A TEST FOR THE CONVERGENCE OF THE INTEGRATION OF THE 

DIFFERENTIAL EQUATIONS. 
PRODEN IS THE PROPELLANT DENSITY IN GM/CM**3-  
PY IS AN INTERMEDIATE NON-CONVERGED VALUE OF 'P'. 
Q IS THE VOLUMETRIC HEAT RELEASE ASSIGNED TO THE SURFACE? IN CAL/GMo 
a1 IS THE TOTAL HEAT FLUX AT TAU = DEL, IN CAL/CM**Z*SECo 
QM IS THE TOTAL HEAT FLUX AT TIME M I  IN CAL/(CM**2*SEC), 
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C 
- c  

C 
- c  

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

- c  

I C  

B-4 0 

QMCONV I S  THE CONVECTIVE HEAT FLUX AT T I M E  Mv I N  C A L / ( C M * * 2 * S E C l -  
QPA I S  THE PRE-EXPONENTIAL I N  THE SURFACE HEAT RELEASE EQUATION, 

QMSURF I S  THE SURFACE HEAT RELEASE, I N  CAL/ (CM**2*SEC) ,  

RENUX I S  THE REYNOLD'S NUMBER EXPONENT, 
R E X  I S  THE REYNOLD'S NUMBER AT GRAIN P O S I T I O N  XI 

= &*PRODEN*AS, 

R€NUK IS THE REYNOLD'S NUMBER C O E F F I C I E N T -  

REXEQ IS THE E Q U I L I B R I U M  REYNOLD'S NUMBERwa X = XF- 
NUMBER, 

REXOMU I S  THE GAS V I S C O S I T Y  D I V I D E D  I N T O  THE E Q U I L I B R I U M  REYNOLD'S 
RHELP I S  THE M A S S  STORAGE TERM I N  REX, AND 15 ECUAL TO THE 

RXTX = RENUK*TOIFE/XL,  

S9 IS THE PER CENTAGE OF GRAIN SURFACE I G N I T E D -  
SAVEXX IS THE I N I T I A L  PROPELLANT TEMPERATURE COKVEKTEC T O  KELVIN ,  
SCON = R € N U K * X L A M G * ( T C I G * T F L M € - 2 7 3 , 1 5 ) / X L  
SUM IS A V A R I k D L E  I N  THE HEAT TRANSFER CALCULATION W h l C l i  REPRESENTS 

THE HEAT FLUX T O  THE SUFACE AT A GIVEN T I M E  P I ,  

D E R I V A T I V E  OF PRESSURE D I V I D E D  BY TENPERATURE WITH RESPECT T O  TIME, 

S I S  THE NON-DIMENSIONAL AREA ALREADY I G N I T E D -  

SURFUS IS THE NON-DIMENSIONAL M A S S  FLUX FROM THE PROPELLANT SURFACE- 
S Y  I s  THE AREA BURNING DURING THE CHAMBER F L L L I N C  T?\ ITFRVAI  : ( = :!. 
TAU I S  NCN-DIMENSIONALIZED T I H €  
T C I G  I S  THE TEMPERATURE OF THE I G N I T E R  GAS 
T C R I T  IS THE T I M E  A T  WHICH THE NOZZLE BETWEEN THE I G N I T E &  AND M A I N  

AFFECTS THE I G N I T I O N  TRANSIENT, 
T D I F E  I S  THE AVERAGE TEMPERATURE DIFFERENCE BETWEEN THE CHAMBER 

G A S E S  AND THE PROPELLANT SURFACE- 
TEMP IS THE DIMENSIONLESS TEMPERATURE 
TEt4P9 IS THE DIMENSIONAL I N I T I A L  INTERFACE TEMPERATURE, 
TEMPY I S  THE UMCONVERGED VALUE OF THE CHAMBER TEMPERATURE, 
TFLME IS THE A D I A B A T I C  FLAME TEMPERATURE OF THE PROPELLANT. 
THA IS THE SQUARE ROOT OF THE TEMPERATURE AT THE PREVIOUS T I M E  STEP, 
THERM = OSQRT(AtPHP/3,14161/XLAMP 
T I G  IS THE I G N I T I O N  TEMPERATURE OF THE PROPELLANT 
TIGNN IS THE NON-DIMENSIONAL TEMPERATURE OF THZ IG lUITER GAS 

CALCULATED FROM EXPERIMENTAL I G N I T E R  CSTAR -- ACCCUNTS FOR HEAT 
LOSSES, 

CHAMBERS UNCHOKES- WHEN T H I S  OCCURS, THE VOLUME OF THE I G N I T E 8  NOW 

T I M E  IS REAL T X X E  I N  SECCNDS, 
T I N T  I S  THE VALUE OF THE HEAT FLUX AT A G I V E N  T I N E  M. 
TO I S  THE T I M E  A T  WHICH THE I G N I T E R  DECAY BEGINS. 
TOLER IS THE TOLERANCE I N  THE INTEGRATION OF THE D I F F E R E N T I A L  EQUATIONS FOf 

TREF I S  THE C h A R A C T E R I S T I C  T I M E  
EACH POINT, 

i R E F 1  IS THE NEW CHARACTERISTIC TIME AFTER THE IGNITER NOZZLE 
UNCHOKES. 

TS I S  THE: SURFACE TEMPERATURE AT A G I V E N  POINT CN THE GRAIN 
T S O  IS THE I N I T I A L  SURFACE TEMPERATURE OF THE PROPELLANT IN OEG- C -  
UCHOKE I S  THE T I M E  AT WHICH THE NOZZLE BETWEEN THE I G N I T E R  AND M A I N  

C H A l i  8 ER UNCH OKE S . 
VISCOS IS THE MASS-WEIGHTED AVERAGE OF THE GAS V I S C O S I T Y -  
V O L  I S  THE VOLUME OF THE CHAMBER 
VOLIGN IS THE VOLUME O f  THE IGNITER,  
WAITAV I S  A FUNCTION THAT CALCULATES A WEIGHTED AVERAGE FROM I T S  

ARGUMENTS, 



C X IS THE POSITION ON THE PROPELLANT SURFACE KHCSE HEAT INFLUX IS - c CALCULATED IN 'KARUM'- 
C Xl,X2,X3rX4,X5,X6 ARE DUNKY VARIABLES; THEIR VALUES THE CCMPUTER 

- C OBTAINS FROM WHERE THE FUNCTIONS ARE USED- 
C XL IS THE LENGTH OF THE CHAMbER 
C XLAMG IS THE THERMAL CONDUCTIVITY OF THE PROPELLANT COMBUSTICN 

C XLAMGI IS T H E  THERMAL CONDUCTIVITY OF THE IGNITER GASES- 
C XLAMJ I S  ORIGINALLY THE MASS-WEIGHTED AVERAGE GF THE THERMAL 
C IS CALCULATED, IT IS MULTIPLIED BY RXTX(RENUK*TCIFE/XL)- 
C XLAMP IS THE THERMAL CONDUCTIVITY OF THE PROPELLANT 

C XMUG IS THE VISCOSITY OF THE PiiOPELLANT COMBUSTION GASES (G/C!!-SEC)- 
C XMUGI IS THE VISCOSITY OF THE IGNITER GASES- 
C 
c 8 4 8 * 8 8 * ~ 8 $ 8 8 * 8 * 8 ~ * $ * * $ ~ ~ ~ ~ 8 8 * ~ ~ ~ ~ * ~ * ~ * * ~ * 8 * 8 ~ * * ~ 4 ~ * ~ $ ~ ~ * $ * ~ ~ 8 ~ ~ ~ ~ 8 8 ~ * * * 8 ~ 4 * ~ ~  

C 

C G A S E S  (CAL/CM-SEC-DEG-C)- 

C XLAS IS THE VALUE OF ' X '  DURING THE L A S T  PASS TFROUGH 'HARUM'- 

DIMENSION S ( 2 0 0 0 ~ , P ~ 2 0 0 0 1 ~ T E M P ~ 2 C O O ~ ~ R H E L P ~ 2 ~ O O ~ ~ R E X G M U ~ 2 0 0 0 ~ ~  

DIMENSION PRES~100)~BRATE(100)~RATE(991 

DOUBLE PRECISION TDIFE, xt XLtALPLSXt REX, R E h U X i  
i G 7  O E L T ,  T R E f t  AT, T S O ,  THERM. TS. TAU, TCIGt 

3 S ,  SYv DELX, REXEQ, P, RHELP, OPDT, OTDT, AN 9 

4 T O L E R p  PYvETPRESI TFLME, PLAL, TLALpPLALM1,TLALMlr CONST, 
5 BCCN, SCONvCSTARlr A T  Bt C T  0 ,  TOvPRODEN, 
6 A S ,  E 7  R, TIME* RXTX, QPA*UCHOKEt TREFl, FLOW, 
-IDELREF, Q M , Q M S U R F , E O V € H R ~ S U R F U S ~ X L A M G I ~ X H U G I  ,SAVEXX,CONDUC, 
8REXOMUW XMUG,QMCONV, CHAR9 FLEQT TIGNN,VISCCSt XLAS, TIG4r 
9 PRES. BKATET RATE, REQW RENUK, XLAMG 
DOUBLE PRECISION ACROS, ALD, ALPHP, UT, OTXGt GAMSQ, 

1CONDUC(2000)~SURFUS(20001~QNC~NV(ZOOO~ 

DIMENSICN CARD(2O) 

2 TEMP, GAMMA, PtdiG, TMIG, TEMPY, ATIG, P E a ,  CSTAR, G I M ,  

f . P9, PIT $ 9 ,  TEMP99 VOLpVOLIGNl XLAMP 
DOUBLE PRECISION PN 
DOUSLE PRECISION DSQRT, DABS,  DEXPIDFLOAT~ DLOG 
COMMON REbJUK, XLAHG, TDIFE, X ,  XL,ALPLSX, REX, RENUX, 
1 Q? OELTT TREF, AT? TSO, THERM, TS? TAU, T C I G ,  
2 TEMP, GAMMA, PMIG, TMIG, TEMPY, ATIG, PEQ, CSTAR, GIM. 
3 S T  S Y ,  DELXt REXEQ, P, RHELP, DPCTV DTDT, AN 7 

4 TOLER, PYIETPRES, TFLME, PLAL, TLAL,PLALMl,TLALP?lr CONST, I 

5 BCON, SCONICSTARI, A i  B, C, 0, TO,PROCEN, 
6 A S ,  E, RT TIME, RXTX, QPApUCHOKE. TREFlr FLOW, 
7DELREF, GjM,QMSURf,EOVfRRtSURFUS,XLAMGX,XMUGI ~SAVEXXICONDUC, 
SREXOMUt XMUGPQMCONV, FLEQp TIGNN. XLAST TIG4t 
9 PRES, BRATEl R A T E ,  REQVPREEXP 
COMMCN Nt K p  NOS, ITN 
COKMCN NPOINT 
DATA IDECK/40669/ 
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C 
C THE FOLLOWING ARE THE FORMAT STATEMENTS USED I N  THIS PROGRAM--- 
C 
100 FGRMAT(8FlO-0) 
140 FCKMAT(I10) 
141 FORMAT(1Hlt40X,27HIGNITION TRANSIENT RUN NO- t14tl5X~9HDECK NO- 9 

116) 
145 FORMAT(1HO) 
i50 FCRMAT(20A4) 
151 FORMAT( 1H r20A4) 
160 FORMAT( 1H t 130( l H * )  1 
209 ~ O K M A T ( ~ H ~ ~ / ~ X ~ ~ H T A U ~ ~ X T ~ H P R E S S U R ~ ~ ~ X , ~ H S ~ ~ X ~ ~ ~ T E I ~ P , ~ X ~ ~ H ~ E A T  FLUX 

lt3Xt6HCMSUKF,5Xt3HCIMt5~t5HDP/DT,3X,5HCT/~Tt~Xt2tiTS,3X,3HIT~t2X~4H 
2TIME,4X,6HSURFUS~3X,6HREXGMU,3Xt6HCONOUC/j 

210 FORMAT(1H ~ 2 ~ 1 P D 1 0 o 3 ~ t l P D 8 o 1 r l P D 9 ~ ~ ~ 3 ~ ~ ? ~ l ~ ~ 3 ~ ~ 2 ~ l P G 8 o l ~ ~ l P D l O ~ 3 ~  
~ I Z T ~ ( ~ P D ~ - Z ) )  

211 F O R ~ A T ~ 4 ~ 1 P D 1 0 ~ 3 ~ ~ 2 2 X 1 3 1 1 P 0 1 0 . 3 ) r l O o 3 ~ ~ 1 0 ~ ~ ~ 2 ~ l ~ D l O o 3 ~  
218 F~RMAT(lH0,26HCHAM~ER FILLING ROW BEGINS) 

401 FORYAT(iH t28HEQUILIBRIUM CHAKBER P R E S S U R E I ~ X P F ~ - ~ ~ ~ H  PSIAt20XT5HG 
400  FORMAT(lHOt10Xrl7tiENGINE P A R A M E T E R S t S O X ~ 2 1 H ? ~ C P c L L A N T  PARAMETERS/) 

lAMMAt 35XpF9- 5 )  
402 FORMAT(1H t23HCHARACTERISTIC VELOCITY97XtF902t4H FPS,ZlX,2OHIGNITI 

10N T E M P E R A T U R E , ~ O X T F ~ - ~ T ~ ~ H  DEGREES CEhTIGRADE) 
4 0 3  FORMAT(1H t12HGRAIN L E N G T H T ~ ~ X I F ~ ~ ~ T ~ H  CMp22Xt32hSCLID PHASE THERM 

1 A L C C F?; D UC T I V 1 T Y t 8 X t D 1 3 - 6 1 7H C A L /C M-S E C- D EG C 1 
404 FURMAT(1H tllHGKAIN WIDTH,19X7F9oZt3R CMt22X,3OHGAS PHASE THERMAL 

~ C O N D U C T I V I T Y I ~ O X ~ D ~ ~ , ~ ~ ~ ~ H  CAL/CM-SEC-CEG-C) 

lSITYt21X~Dl3-6r9H G/SEC-CM) 
405 FORMAT(1H TL~HCHAMBEK V O L U M E T ~ ~ X ~ F ~ ~ ~ ~ ~ H  C C T ~ ~ X P ~ ~ H G A S  PHASE VISCO 

406 fORMAT(1H t15HTtiROAT D I A M E T E R I ~ S X I F ~ - ~ , ~ H  INCHES,18X,27HADIA@ATIC 

407 FORMAT(LH r25HPURT CROSS-SECTIONAL A R E A T ~ X T F ~ ~ ~ ~ ~ H  SC Ci'i,l9Xp7HDEN 

408 FORMAT(1HO,LOX,14HIGNITER INPUTSt47X,45HNUSSELT NUMBER - REYNOLD'S 

1FLAME TEMPERATURE,13XtF9-2 ,15H DEGREES KELVIN) 

lSITY,33X,F9o5,5H G/CC) 

1 NUMBER CORRELATION/) 
409 FORMAT(1H ,22HIGNITER CHAMBER V O L U M E T ~ X T F ~ - Z , ~ H  CC,61X,F6-4) 
410 FGRMAT(1H 925hSTtADY-STATE IGNITER FCOhr5XrF9-5r8i-i LBk/SECr39X,5HN 

1UX =rF8-594H*REXl 
411 FORMAT(1H ,25HPOINT OF IGNITER T A I L - O F F T S X I F ~ - ~ , ~ H  SECCNCS) 
412 FORMAT(1H 917hIGNITER BURN TIME,13X,F9-3r8H SECONDSI~OXT~BHINITLAL 

1 CONDITIONS) 
413 FGRMATtlH 923HPROPELLANT LEADING E D G E T ~ X , F ~ - ~ ~ ~ H  CMv22X119kilhERMAL 

1 DIFFUSIVITY t21X~DL3o6r 10H SQ CM/SEC 1 
414 FORMAT(1H ,21tiEQUILIBKIUM MASS F L O W V ~ X T F ~ ~ ~ ~ ~ H  L B M / S E C I ~ ~ X T ~ ? H A C T ~  

1VATION E N E R G Y ~ ~ ~ X T F ~ , ~ , ~ H  CALORIES) 
415 FORMAT(1H 919HCHAKACTEKISTIC TIMEtllXtF9-5r8H S E C O N D S T ~ ~ X ~ ~ ~ H S P E C A  

416 FORI~lAT(1H 719H + IGNITER V O L U M E I ~ ~ X ~ F ~ * ~ T ~ H  S E C O N G S T ~ ~ X , ~ ~ H H E A T  

417 FORMAT(1H r30HGAS PHASE THERMAL CONDUCTIVITYpF9o6,17H CAL/CI"I-SEC-D 
lEG-C,8X~30HINITIAL PROPELLANT T € M P E R A T U R E , l O X t F 9 - 2 , 1 9 H  DEGREES C E N  

lFIC HEAT RfLEASEt19XpF9-3rl2H CALORIES/GM) 

lRtLEASE P R E - E X P O N E N T I A ~ T ~ ~ X ~ F ~ , ~ , ~ H  CM/SEC) 

2TIGRADE) 
418 FORMAT(1H 919HGAS PHASE V I S C O S I T Y I ~ ~ X I F ~ ~ ~ T ~ H  G / S E C - C M T ~ ~ X T ~ ~ H X G N . I  

l T E 8  GAS TEMPERATURE WITH L O S S E S , ~ X T F ~ - ~ ~ ~ ~ H  DEGREES KELVIN) 
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419 FORMAT(1H 126HPOINT O f  I G N I T E R  U N C H O K I N G T ~ X T F ~ - J T ~ H  S E C O N D S T ~ ~ X T ~ ~  
lHINITIAL CHAMEER P R E S S U R E T ~ ~ X T F ~ - ~ ~ ~ H  PSIAI 

420 FURMAT(1H 115HTtIROAT D I A M E T E R ~ ~ ~ X T F ~ - ~ , ~ H  I N C H E S )  
4 2 1  fORMAT(1H v64Xv26HINITIAL GRAIN AREA IGNITEDv17XpF6-lr9H PER CENT) 
422  FORMAT(1H tSXI35HPROPELLANT BURNING RATE INFURPATION/I 
423 FORGAT(1H J7Xv29HQUADRATIC TAIL-OFF EXPRESSIGIX) 
426 FCIRFATIlH ~10%,18HMISCELlANEOUS DATA) 
427 FORNAT(1H 938HAVtRAGE TEMPERATURE DIFFEXENCE EiETWEEhl 
422  FORMAT(1H rl4HTIMf STEP S I Z E ~ ~ ~ X T F ~ ~ ~ T L ~ X ~ ~ H G X M  = rF8*5,7H*T*T + t 

429 FURMAT(1H v43HDIFFERENTIAL EQUATION CONVERGENCE T O L E R A N C E ~ ~ X T F ~ - ~ )  
43 0 
431 FORMAT(1H ~llXp1SHPKESSURE (PSIAIv5Xw26H BURNXfiG RATE (INCHES/SEC) 

lf8-S15H*T + ,F8-5) 

FORMAT ( 1H 1 14X v F 9 - 3 t 12 X v F9 5 1 

11 1 

1 E /  1 
4 3 3  FORMAT(1H v21HSOLID AND G A S  PHASES r29X,f9-2~196 DEGREES CENTIGRAD 

500 FORMAT(1H V'THE STEADY STATE IGNITER FLOW IS '1D13-6v' LBM/SEC'I 
990 FORMAT( 1H11 
991 FORMAT(LHOvI4v38H TIME INCREMENTS WERE USED Il\r THIS RUN) 

C PEQv CSTAFti XLSTARV DTIG, DTt ALDT AND GIN ARE I N  E f V G L I S H  UNITS 
C ALL OTHER PARAMETERS AZE I N  C . G - S ,  UNITS 

PI = 3.141592653600 
x = i-987DO 

READ (5v140) NORUNS 
C 

C THIS DC-LOOP CYCLES THE PROGRAM THROUGH ALL THE RUNS 
C 

DO 111 JHH=lVNORUNS 
DG 135 1=112000 
SURFUS( I )  = 0 - D O  

135 CONTINUE 
C 
C IlUPUT 
C 
C 
C THIS K E A D S  THE RUN N U M B E R  
C 

C 
C TtiE FOLLijWING IS A CONMENT CARD DESCRIBING THE RUN 
C 

READ(5v140) IRUN 

3cAD(5,150) CARD 
AEA0(5,100) PEGvDT 
CALL G U A D R A ( A I B v C v D ~ T O I F L O W I U C H O K E )  
kEADi5t140) NPOIhT 

8EAD(St1001 PRES(I),BRATE(I) 

KtAD(5v1001 DTXG,VOLIGN~XLAMGITXMUGI 

013 130 I=l,NPOINT 

130 CGNTINUE 

8 E A D (  5 1  100 1 
~ E A ~ ( ~ T ~ O O )  G A M M A , T I G , P K O D E N ~ A S I E , Q I T S O I T F L M E  
READ(5rI.00) R E N U K ~ R E N U X ~ X L A M P t X L A M G , A L P H P ~ X P I U G  
READ(5,lOO) D E L T , T O L E R ~ P ~ l ) ~ T E M P ( l l r S ( l ) r T O f F E  

hIDTH1 XL I V G l  v ACROS P ALD 
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C 
C 
C 

6 

C 
C 
C 
C 

C 
C 
C 

C 

CALCULATE THE EXPONENTS USED IN THE FUIVCTIGN "PN". 

R E Q  = 1 , D O  
NPO = NPOINT - 1 
RATE(1) = D L O G ~ B R A T E ~ X + l ~ / E K A T E ~ L I ~ ~ / D L O G ~ P R E S ~ I + l ~ / P R E S ~ X ~ ~  
CCNTINUE 
REQ = PN(PEQ1 
DELX = 1-0-3 
ITN = 0 
JXYZ = 0 
KOUNT = 0 
LINES = 0 
P9 = P(1) 
P ( 1 )  = P(L)/PEQ 
QM = 0-DO 

S9 = S(L)*l-D2 

TEMP9 = TEMP(11 
TEMP(1) = TEMP(l)/TFLME 
T I G N N  = TEMP!?!  
XLAS = 0.00 

Cil  6 I=L,NPO 

GrtSURF = 0-00 

TAU = 0 - D O  

THE FoLLowxw A X E  VRWKAM CONSTANTS*--- GROUPS OF TEKKS THAT APPEAil 
IN THE PRCGSIAM I N  VARIOUS LOOPS? E T C -  B Y  CALCULATING THEN N O W ?  JUST 
ONCE? SIGNIFICANT COMPUTER TIME IS SAVED-  

A1 = ALD/XL 
ALPLSX = AL + DELX 

AREABN IN CM,**2 ; WIDTH IN CM, ; XL IN CM- 

A R E A B N  = XL*WIDTH 

AT = PI*(DT*2-54D0/2o00)**2 
ATIG = PI*(DTIG*2.54~0/2.0)**2 
CSTAR = P€Q*32,L74DO*AT/(PROCEN*3.610-2*AREA%hI*REQ) 
FLEU = PEQ~AT*32.L74DO/(CSTA~*2.54D~~2-54DO) 
GAIISQ = GAMMA*( 2.00/ ( GAMMA+l.DO 1 ) **(  (GAMMA+l-OO I /  f GAMMA-1. DO 1 )  
TREF = VOL/(AT*CSTAR*GAMSC*30.500) 

EOVERR = -E/R 
QPA = Q*PRGDEN*AS 

RXTX = RENUK*TDIFE/XL 
SAVEXX = 273.1500 + TSO 
SCON = RXTX*XLANGI 
T H E A M  = DSQKT(ALPHP/PI)/XLAMP 
T I G 4  = TIG*0,4DO 
TS = TSO 

T R E F l  = IVOL + VOLIGN)/(AT*CSTAR*GAMSQ*30-5DO) 

R E X E S  = n r n * - n r  -I - ' - - -  ~ C ~ ~ A L ~ A I / ~ L ~ I A R * A C R O S * ~ . ~ ~ D O ) ~ ~ , ~ ~ ~ ~  
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C 
- c  

C 

I 

131 

C 
C 
C 
C 

INITIAL GUTPUT 

.THE TIME AT WHICH THE IGNITER NOZZLE UNCHOKES IS 
NONDXMENSICNALIZEO 

UCHOKE = UCHOKE/TREF 

B-4 5 



N = l  
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

46 

C 
C 
C 

15 

C 
C 
C 
C 

1 

5 

C 
C 
C 
C 

N ADVANCING CORRESPONDS TO ADVANCING TIME 

N= 1 

THE FIRST P O I N T S  ARE CALCULATED AND VALUES PRINTED CUT 

CALL FLOIG 
CALL f i X T P N T ( J X Y L 1  
WRITE(6,210) TAU1P(N)rS(N),TEMP(N),aM,QMSURFIGIM1DPDT?DTDT~TS?IT~t 
LTIME 
LINES = 1 
N = 2  
K = l  

R GREATEa THAN 1 

CONT Z NU€ 

TIME IS iNCREMENTED 

TAU = T A U  + DELT 
CALL FLOIG 
CALL NXTPI'qTt J X Y Z )  
1F IJXYZ.NE.O)  GO T O  111 

SELECTION OF THE ELEMENT OF SURFACE T O  WHICH HEAT IS TRANSFERRED 

N O S  = ( S ( K )  + l0D-4)/DELX 
NOS = NGS + 1 
GO TO 5 
CCNTINUE 
1F (DA8S(S(K)-O.OlDO).GT.l~D-4) GO T O  1 

WHEN 1% OF THE G R A I N  I $  IGNITED, THE GRAIN STEP-SIZE, D E L X ,  IS 
INCREASED TO 0.01 

DELX = 1.0-2 
CON T I NU E 

NOS = NOS + 1 
CONTINUE 
XF(S(K).LE.0.99900) GO TO 2 5  

N O S  = t S ( N )  + 1-0-4)/DELX 

IF S(1) = 1. , THIS T R A N S F E R S  CCNTROL TO T H E  CHAMBER-FILLING 
PORTION OF THE PROGRAM 

x = 1-00 
GO TO 2 4  
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I 

i; TEST FOR I G N I T I O N  
C 

C 
C I F  THE ELEMENT HAS NOT YET I G N I T E D  -- CALCULATE THE PRESENT 
C CHAMBER CONDITIONS,  ADVANCE TIME BY A D E L 1  (BY GOING TO 10 
C -- ADVANCING THE LOOP I lLDEXT N T  BY U N E I T  AND THEE\( E X A M I N I N G  THE 
C ELEMENT A G A I N  
C 

C 
C I F  THE ELEMENT HAS NOT IGNITED,  THE CURRENT SURFACE BURNING 
C AREA I S  EQUAL TO THE PREVIOUS VALUE 
C 

C 
C T H I S  IS A CHECK TO S E E  IF A HANGFIRE HAS OCCURRED 
C 

I F ( T S - T I G ) ~ ~ T ~ ~ T ~ ~  

23 CONTINUE 

S ( N )  = S ( K )  

I F  ( S ( N ) - G T . T O L E R )  C A L L  RUNCHK(JXYZTSsN.DfDT1 
I F I J X Y Z - E Q - 9 8 1 )  GO TU 111 
h K I T E ( 6 p 2 1 O )  T A U T P ( N ) , S ( N ) r T E M P t N ) 1 Q M l a M S U R F 1 G I M I D P D T T D T D T T T S , I T N T  

1 T f  ME ,SURFUS ( K )  TREXOMU ( N )  tCGNDUC ( N )  
L I N E S  = L I N E S  + 1 
I F  ( L I N E S - 5 5 )  10,701~701 

701 W R I T E ( 6 1 2 0 9 )  
1 I N E S  = 0 
GO TO 10 

C 
C I F  THE ELEMENT HAS I G N I T E D  -- P R I N T  THE PREVIOUS CHAMBER 
c CONDIT IONS WITH T H E  NEH AREAT AND THEN LCOK AT THE NEXT ELEMENT 
C ( B Y  GGII\G T O  15). DO NOT ADVANCE TIME. 
C 

24 CONTINUE 
S t N )  = X 
S(K) = X 
W R I T E ( 6 1 2 1 O )  T A U ~ P ( N ) ~ S ~ N ) ~ T E H P ~ N ) T Q M ~ Q M S U R F ~ G I M . D P D T ~ D T D T ~ T S ~ I T ~ T  

lTIMETSURFUS(K),REXOMU(N),CONDUC(N) 
L I N E S  = L I N E S  + 1 
I F  ( L I N E S - 5 5 )  8 5 0 1 8 5 1 ~ 8 5 1  

L I N E S  = 0 
851 W R I T E ( 6 1 2 0 9 )  

850 CONTINUE 
C 
C TEST FOR END OF FLAME SPREADING 
C 

I F ( S ( N 1 - 0 - 9 9 9 D O )  1 5 1 2 8 ~ 2 8  

K = N  
N = N + 1  
GO TO 46 

10 CONTINUE 

+ 



C 
C 
C 
C 
C 

za 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 
c 

C 
C 
C 

C 
C 
C 

32 

C 
C 
C 
C 

853 

852 

s= 1 

S I N C E  S = l ,  CHAMBER F I L L I N G  NOW DEGINS 

CONTINUE 
SY = 1-DO 
W%ITE( 6r218) 
M K I T E ( 6 T 2 0 9 1 
L I N E S  = 0 

DOUBLING OF STEP SXZE -- 
DELT = 2 - 0 0 * D E L T  

PREPARE DATA FOR CHAMBER F I L L I N G  

PLAL = P ( N I  
TAAL  = TEMP(N1 

S I N C E  THE'TIME INCREMENT HAS B E E N  DOUBLEDT THE VALUES R E C U I R E O  
BY THE PREDICTOR-CORRECTOR METHOD A R E  TWO INCREMEFvTS BACK I N  
T I M E  

P L A L M l  = P ( N - 2 )  
T L A L M l  = TEMPIN-2 )  
S ( N )  = 1 - 0 0  
SLK) 1-DO 

CHAMBER F I L L I N G  CALCULATIONS 

CONTXNUE 

T I M E  I S  INCREMENTED 

TAU = TAU + OELT 
K = N  
N = N + l  
CALL F L O I G  
C A L L  N X T P N T ( J X Y Z 1  

T H I S  CHECKS FOR TtiE CONVERGENCE OF THE INTEGRATION-  I F  CCNVER- 
GEbiCE HAS NOT OCCURREDi GO TO THE NEXT RUN 

I F ( J X Y Z - N E - 0 )  GO TO 111 
P ( N )  = P Y  
S t N )  = S Y  
T E M P ( N 1  = TEMPY 

L I N E S  = LINES + 1 
W R I T E ( ~ ~ ~ ~ ~ ) T A U ~ P Y I S Y ~ T E M ~ Y ~ G ~ M ~ D P D T ~ D T D T ~ I T N ~ T I M E  

IF ( L I N E S - 5 5 )  8 5 2 , 8 5 3 9 8 5 3  
WRITE (6,209) 
L i N E S  = 0 
CONTINUE 
KOUNT = KOUNT + 1 
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C 
C TEST FOR END OF IGNITION TRANSIENT tIoEo ATTAIhEENT OF 
C EQUILIBRIUM PRESSURE) 
C 
C 
C I F  THE NUMBER OF CALCULATIONS H A S  EXCEEDED 9000 OR 
C XF IDPDTl < 0.01 AND I F  THE PRESSURE IS WITHIN 19: OF ITS 
C EQUILIBRIUM VALUE, TERMINATE THE RUN 
C 

IF ( I K O U N T ~ G T o 9 0 0 0 ) ~ O R ~ ( ( D A B S ( P Y - 1 ~ D O ~ ~ L E ~ l ~ D ~ 2 ~ o A N D ~ ~ D A B S ~ ~ P D T ) ~ L  
l E . 1 . D - 2 ) ) )  GO TO 34  
GO T O  32 

34 CONTINUE 
WKITE(bv991) N 
WRITE(6r990) 
WRITE(br990) 

111 CONTINUE 
STOP 
END 

, 



c 
C 
C 
C 

3 

C 
C 
C 
C 

40 

SUBROUTINE RUNCHK(JtStNtDP0T) . 
D I M E N S I O N  S12000) 
DOUBLE PRECISION St OPOT 
J = O  

IF S H A S  INCREASED BETWEEN TIMES (N-2) AND ( N ) r  RESET THE 
COUNTER- IF NOT, INCREMENT THE COUNTER BY CNE- 

I F ( ( S ( N ) - S ( N - 2 ) ) o G T - L , D - 6 )  G O  TO 40 
K = K + 1  
I F t ( K o L T o 1 0 0 ) * O R - ( O P D T ~ G T ~ O * D O ) )  RETURN 
NRITE(6t3) 
FORMAT(lH0,20X~20(1H~)~' t i A N G F I R E  -- EXECUTION OF THIS RUN TERMfNA 

1TED'~lXt20(1H*)) 

J IS THE HANGFIRE INDICATOR- IF J=981, A HANGFIRE HAS OCCURRED 
AND THE RUN IS TERMINATED- 

J = 981 
CONTINUE 
K = i  
RETURN 
END 

b 
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SUBROUTINE N X T P N T ( J X Y Z 1  
C 
C SUBROUTINE INTEGRATES THE D I F F E R E N T I A L  EQUATIONS U S I R G  A 
C PREDICTOR-CORRECTOR METHOD 
C 

D I M E N S I O N  S ~ 2 0 0 0 ~ ~ P ~ 2 0 0 0 ~ , T E M P ~ 2 O O O ~ ~ R H E L P ~ Z O O ~ ~ ~ R E X O M U ~ Z O O O ~ i  

D I M E N S I O N  P K E S ( l O O ) , B R A T E ( 1 0 0 ) r R A T E ( 9 9 )  
DOUBLE P R E C I S I O N  T O I F E ,  X I  XL,ALPLSX, REX, RENUXI 

1 Q, D E L T t  TREF, AT, TSO,  THERM, TS,  TAU, TClG,  
2 TEMPI  GAMMA, PMIG, TMIG, TEMPY, ATIG,  PEQI CSTAR, GIN, 
3 s 1  SY, DELX, REXEQi  Pp RHELP, OPCTt  OTDT, Ah t 
4 TOLER, PY,ETPKES, TFLME, PLAL, T L A L , P L A L R l r T L A L K l t  CONST, 

TOiPROOEN, 5 BCCN, SCONICSTARI. A i  61 c1 DV 
6 A S S  E T  R ,  TIME,  RXTX, QPAIUCHOKEt TREF1, FLCh, 
-IDELREF, Q M , Q M S U R F ~ E O V E R R , S U R F U S ~ X L A N G I i X P i U G I  iSAVEXX,CONDUC, 
BREXOMU, XMUG,QMCONVt CHAR, FLEQ, TIGRNIVISCCS, X L A S t  TIG4, 
9 PRES, BRAT€, RATE, R E Q v  RENUKt X L A M G  

l C O N O U C ( 2 O O O ~ ~ S U R F U S ( 2 O O O ~ ~ Q ~ C O N V ( 2 0 0 0 ~  

DOUBLE P R E C I S I O N  GIMOFL,  T H A I  ThMl,  P R E S ,  TNEkl, DPKEW, 
1 DTNEW, D P D T L ?  DTDTL, POLD, TOLD, PPRED, T P R E D i  P N M l t  P h E 2 r  
2 TNM2, P L ,  X I ,  xi! 1 X 3 r  X 4 ,  x 5  I X6pWAXTAVf 
3PRINCE. PN 

D6i;Bi-E P i i E C I S i O N  DSQi3TV DABS, DEXP,DFLCAT, CLCG 
COMMON RENUK, XLAMG, T D I F E ,  X i  XLvALPLSX,  REX, RENUXI 

1 Q, DELT, Ti iEF ,  AT, T S O t  THERM, T S ?  TAU, TCIG,  
2 TEMP, GAMMA, PMIG, J M I G i  TEMPY, ATXG, PEG, CSTAK, GIN, 
3 S ,  S Y ,  DELX, REXEQ, P t  RHELP, OPCT, DTCIT, AN ? 

4 TOLER, PYIETPRES,  TFLHE, PLAL, T L A L , P L A L M l r T L A L Y + l t  CONST, 
5 BCON, SCCNpCSTARI v A, B t  C, 0, TO,PROCEN, 
6 A S ,  E t  R. T I M E ,  RXTX, QPA,UCHOKE, T R E F L V  FLCk,  
.7D E 1 K E F I QM,QMSURF,EOVERR,SURFUS,XLAMGI,XMUGI 1SAVEXXvCCNCUC, 
8REXOMU, XMlJGIQMCONV, FLEQ, TIGNN, XLAS, T I C 4 1  
9 P R E S ,  BRAT€, RATE, REOIPREEXP 

COMMON N, K I  NOS, I T N  
COMMON fuPOINT 

C 
C Xl rX2vX3 ,X4 ,X5 ,X6  ARE DUMMY VARIABLES; T H E I R  VALUES THE COMPUTER 
C O B T A I N S  FRCM WHERE THE FUNCTIONS ARE USED- 
C 

P R I N C E ( X l i X 2 )  = DABS(1 -DO - X l / X 2 )  - TOLER 
W A I T A V ( X 3 i X 4 r X 5 , X 6 )  = ( X 3 * X 4  + X 5 * X b ) / ( X 4  + X 6 )  

C 
C GIMOFL IS THE NGNDIMENSIONAL I G N I T E R  FLOW RATE 
C 

GimSFi = G I M / F L E Q  . 
I F  ( N - 2 )  5~15t20 

C 
C S L E S S  THAN 1 
C 
C I N I T I A L  C O N D I T I O N S  -- N=l 
C 
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5 

C 
C 
C 
C 

C 
C 
C 
C 

c 
C 
C. 

15 

C 
C 

C 
C 
C 
C 

CONTINUE 

ETTENP = 0,DO 
THA = DSQRT(TEMP(1)) 
S U R F U S ( 1 )  = S(l)*PNIP(l)) 

REXONU(1)  = REXEQ/VISCOS 

DPDT = GAMMA*(SURFUS(l) - P(l)*THA + PMXG) 
DTDT = T E M P ( 1 ) ~ ~ ~ G A M M A - T E M P ~ l ~ ) s S U R F U S o / P ( 1 ) - ~ G A M ~ A - l . D O ~ * T H A  

RHELP(l)=(DPDT-P(l)~DTDT/TEMP(l))/T€MP(l) 

ETPRES = 0.00 

VI SCOS 

CONDUC(1) W A I T A V ( X L A M G t S U R F U S ( l ) , X L A M G I ~ G I M O F L ~ * R X T X  

= WAITAV( XMUG, SURF US(  1 )  (XMUGI tGIMOFL 1 

l + T M I G / P L l ) )  

THE FIRST POINT H A S  BEEN CALCULATED. CONTROL IS RETURNED TO THE 
MAIN PROGRAM 

R€TURN 

N=2 THE SECCND POINT IS CALCULATED USING A MOCIFIED RUNGE-KUTTA 
SCHEME. 

CONTINUE 

T H I S  ESTIMATES THE SECOND SET OF POINTS 

PNEk = P(K) + DELT*DPOT 
TNEW = TEMP(K) + DELT*DTDT 
THA = DSQRTtTNEW) 

PROPELLANT. 
SURFUS IS THE NON-DIMENSIONAL MASS FLUX FROM THE SURFACE OF TEE 

SURFUS(K1 = S(K)*PN(PNEW) 
VISCOS = W A I T A V ( X M U G v S U R F U S I K ) ~ X M U G I ~ G I M O F L )  
KEXCMU(N1 = REXEQ/VISCOS 
CONDUC(N) WAITAV(XLAMG,SURFUStK)vXLAMGI~GIMOfL)*RXTX 
DPNEW = GAMMA*(SURFUS(K) - PNEW*THA + PHIG) 
D T N E W = T N E W ~ ( ( G A M M A - T N E ~ ) ~ S U ~ f U S ( K ) / P N E W - ~ G A M M A - l ~ O O ) ~ T H A + T M X G / P ~ E ~  

1) 
P(N) = P ( K )  + DELT/Z~DO*(DPDT + DPNEW) 
TEMP(N) = TEMP(K1 + DELT/Z.DO*(DTOT + DTNEW) 
DPDT=DPNEW 
DTDT=DTNEW 
R H E L P ( N ) = ( D P D T - P ( N ) * D T D T / T E M P ( N ) ) I T E M P ( N )  
RETURN 

THE FIRST TWO POINTS HAVE BEEN CALCULATED. NOW THE PREDICTOR- 
CORRECTOR METHOD CAN BE USED 
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C 

C 
- c  

r Z o  21 I 

C 
C 
C 

55 

C 
C 
C 

C 
C 
C 

62 

61 
bo 

C 
C 
65 

N GREATER THAN TWO 
TEST FOR END OF FLAHE SPREADING 

IF ( S ( K )  - 0-99900) 2 1 ~ 8 0 ~ 8 0  
CONTINUE 
ITN = 0 
DPDTL = DPOT 
DTOTL = O T O T  

THE PREDICTOR---- 

POLD = P(N-2) + 2oDO*DELT*DPGTL 
TOLD = TEMP(N-2) + 2-00*DELT*DTDTL 
PPK€D = POLO 
TPRED = TOLD 
CONTINUE 
THA = DSQRTITOLD) 
SURFUSiKI = S(K)*PN(POLD) 

REXOHU(N) = REXEQ/VISCGS 

DPDT = GAMMA*!SURFUS!K) - POLDeTHA + PMIG! 
D T ~ T ~ T O L D * ~ ~ G A M K A - T O L D ~ * S U K F U S o / P O L D - ~ G A M M A - l ~ G O ~ * T H A + T M X G / P O L D ~  

VISCOS = W A I T A V ( X M U G ~ S U K F U S ( K I , X M U G I T G X M O F L )  

CONDUC(N1 = WAITAV(XLAMG,SURFUS(K)pXLAMGI,GXMOFL)*RXTX 

THESE ARE THE PREDICTED VALUES- THEY ARE NOW CORRECTED 

THE CORRECTOR --- 
P(N) = P(K) + DELT/2,DO*(DPDTL + DTDTI 
TEMP(N1 = TEMP(K1 + DELT/Z.DO*(DTDTL + DTDT) 

TEST FOR CONVERGENCE OF INTEGRATION 

IF (PRINCE(POLDIP(N))) 6 2 ~ 6 0 ~ 6 0  
I F  IPKI~CE(TOLDTTEMP(NI)) 65,60960 
IF ( ITN-10)61,96,% 
CONTINUE 
POLD = P ( N )  
TOLD = TEMPtN) 
ITN = ISN+1 
GO TO 55 
ETPRES AND ETTEMP ARE THE TRUhiCATION ERRORS ACCUMULATED DURING 
THE I N T E G R A T X O N  IfEHATIONSt ON THE PRESSURE AND TEMP: RESPECTIVELY 
CONT XhUE 
? ( N )  = ?(N) + ETPRES 
TEMPtN) = TEMP(N) + ETTEMP 
ETPRES = 2.0-1*(PPRED-P(N)) 
ETTEMP = 2-D-l~(TPRED-TEMP(N)) 
RHELP(N) = ( D P D T - P ( N ) e D T D T / T E M P ( N ) I / T E M P ( N )  
RETURN 
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C 
C 
C 
C 
C 
80 

8 5  

92 
90 
96 

250 

S EQUALS ONE -- CHAMBER FILLING INTERVAL 
INTEGRATING SCHEME SAME AS B E F O R E  
PNMlr PNM2 ARE THE TWO PREVIOUS POINTS- POLO STARTS A S  THE 
PREDICTED PRESSURE, THEN IS ITERATED WITH P Y  I N  THE CORRECTCR 
FORMULA, 
CQNTINUE 
P N M L  = PLAL 
TNMl = TLAL 
PhM2 = PLALMl 
TNMZ = TLALMl 
P Z  = PN(PNM11 
THA = DSQRTtTNMl) 
OPDTL = G A M M A * ( P Z  - PNMl*THA + PMIG) 
D T D T L = T N M l * ( ( G A M M A - T N M l ) ~ P ~ / P ~ M l - ( G A M M A - l . ) * T H A + T ~ I G / P N ~ l )  
ITN = 0 
POLD = PNMZ + Z,DO*DELT*DPDTL 
TOLD = T N M 2  + Z,DO*DELT*DTDTL 
PPRED = POLD 
TPRED = TOLD 
CONTINUE 
PZ = PN(POLD1 
? H A  = DSQRT(TOLD) 
CALL FLOIG 
DPDT = GAMNA*(PZ - POLD*THA + PMIG) 
OTDT = TOLD*((GAMMA-TOLD)*PZ/POLD-(GAMMA-l,DO)*THA + TMIG/PGLD) 
PY = PNHl + DELT/2,DO*(DPDTL + DPDT) 
TEMPY = T N M l  + DELT/Z.DO*~DIDTL + DTDT) 
IF (PRINC€(POLDvPY)) 92~90990 
IF (PRINCE(TOLD1TEMPY)) 95r90t90 
IF(ITN-10) 91196196 
CONTIhUE 
WRITE(6,2501 
F O R M A T ( l H 0 , 2 0 ( 1 H * ) , 8 7 H P R E D I C T O R - C O R R E C T O R  SCHEME HAS hiOT CONVEaGED 

1 AFTER 10 ITERATIONS; EXECUTION TERMINATED V 2 0 ( 1 H * ) / )  
J X Y Z  = 1200 
RETURN 



91 

r 

I 

C 
C 
C 
9s 

C 

CONTINUE 
POLO = PY 
TOLD = TEMPY 
I T N  = ITN + 1 
GO TO 85 

THE ABOVE F I V E  STATEMENTS RESTART THE CORRECTOR CYCLE 

CONTINUE 
PY = PY + ETPRES 
TEMPY = TEMPY + ETTEMP 
ETPRES = 0.2DO*(PPRED-PY) 
ETTEMP = O.ZOO*(TPRED-TEMPY) 
STORAGE OF LAST TWO P O I N T S  FOR NEXT T I M E  AROUND 
PLAL = PY 
TLAL = TEMPY 
P L A L M l  = P N M l  
T L A L M l  = TNMl 
RETURN 
EN0 
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“ C  
C 

r C  
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SUBROUTINE WARUM 
SUBROUTlNE CALCULATES THE TEMPERATURE AT A G I V E N  S T A T I G N  BY 
I N T E G R A T I N G  THROUGH T I M E  THE HEAT TRANSFERREO TO t T  
THE I N T E G R A T I O N  IS DONE BY SUMMING AREAS, THE AREAS ARE EVALUATED 
AT THE M I D D L E  OF THE I N T E R V A L  SO THAT ERRORS T E h D  T O  CANCEL. 
OIMEFVSICN S ~ 2 0 0 0 ) ~ P ( 2 0 0 0 ) ~ T E ~ ~ [ 2 0 0 0 ) r R H E L P ( 2 0 0 0 ) r R ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

D I M E N S I O N  P R E S ( l O O ) ~ B R A T E ( l O O I r R A T E ( 9 9 )  
D I M E N S I O N  POTHAF(2OOO)rSQ(ZOOO) 

D O U B l E  P R E C I S I O N  T O I F E ,  X I  X L T A L P L S X T  REX, RENUXI  
1 Q, D E L T r  T R E F T  AT9 T S O T  THERMS T S v  TAU1 T C I G v  
2 TEIJlP, GAMMA9 P M I G v  T M I G V  TEMPYt A T I G t  PEQT CSTART G I M ,  
3 S T  S Y T  OELXv REXEQr PT RHELP, DPCT, D T D T T  Ah 7 

4 TOLERT PYVETPRESW TFLME, PLAL,  T L A L ~ P L A L M ~ ~ T L A L M L T  CONST9 
5 BCONT S C O N T C S T A R I T  A T  8 T  C T  D T  T O T  PRODEN, 
4 A S 9  E T  R p  TIMEW RXTXp QPATUCHOKET T R E F l ,  FtGW, 
7DELREF 9 QMpQMSURFvEOVERRtSURFUS,XLAMGXtXMUGI 9SAVEXXtCONCUCT 
8REXOMU9 XMUG~QMCONVT CHART FLEQ9 T I G N N v V I S C C S 9  X L A S T  T I C 4 9  
9 PRES9 B R A T € *  K A T E T  REQ, R E N U K ,  XLAMG 

~ C O N O U C ( ~ O O O ) ~ S U I ~ F U S ( ~ O O O ~ T Q M C O N V ( ~ O O O )  

L O G I C A L  SAMEA8 

DOUBLE P R E C I S I O N  POTHAFT T I N T ,  S Q r O N E M l X t  SUM9 C l T  

1 TERM19 TERM2r D I F F  
DOUBLE P R E C I S t O N  DSQKTp DABS9 D E X P T D F L O A T T  DLOG 
COMMON RENUKT XLAMG, T D I F E T  X T  X L v A L P L S X v  REX, ~ E N U X T  

1 Q i  DELT, T K E F T  AT9 T S O T  THERM9 TSV TAUT T C I G T  
2 TEMP, GAMMA9 P M I G t  TMIG, TEMPY, A T I G T  PEG9 CSTAR, G I M t  
3 S I  S Y v  D E L X T  REXEQT P t  RHELPT DPCTT DTDTT ANT 

5 8CGNv SCONtCSTARI  9 A T  8 9  C T  D T  TOTPROCENT 
6 A S 9  E i  R t  TIME, RXTXt  QPATUCHOKE9 T R E F L T  FLOWT 
7DELREFv Q M ~ Q M S U R F ~ E O V E R R ~ S U R F U S T X L A M G I T X M U G I  TSAVEXXTCONCUCT 
8REXOMUw XMUG~QMCONVT F L E Q T  T I G N N T  XLASt T I G 4 r  
9 PRES9 BRATEp RATE9 REQtPREEXP 

COMMON N T  K T  NOST ITN 

4 T O L E R t  PYVETPRES. TFLMEv P L A L T  . T L A L T P L A L P ~ ~ T L A L M ~ T  CGNSTT 

COMMON N P O I N T  

THE SURFACE HEAT RELEASE EQUATION HAS THE FORM 
QMSURF = Q ~ P R O D E N 4 A S ~ E X P ( - E / ( R * ( T S  + 2 7 3 - 1 5 ) ) )  1 WHERE 

Q I S  AN E M P I R l C A L  CONSTANT9 PRODEN I S  THE PROPELLANT D E N S I T Y 9  AS I S  
A D I M E N S I O N A L I Z I N G  BURNING RATE FOR THE EXPONENTIAL TERN, E IS THE 
A C T I V A T I O N  ENERGY OF THE PROPELLANT9 R IS THE U N I V E R S A L  GAS CONSTANT, 
AND T S  IS THE TEMPERATURE OF THE SURFACE OF THE PROPELLANT, I N  
OEGREES CENTIGRADE- 

X I S  THE G R A I N  ELEMENT B E I N G  EXAMINED 

X = DFLOAT(NOSI*DELX 
P O T H A F ( K 1  = P ( K ) / D S Q R T ( T E M P ( K ) )  

CHAR = TREF 
IF(DFLOAT(K)*DELT-GT~UCHOKE) GO TO 150 

GO TO 200 

CHAR = T R E F l  
1 5 0  CONTINUE 

200 CONTINUE 
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C NOT THE IGNITER HAS UNCHOKED 
r C  

SQ(K) = DSQRT(CHAR/TAU) 
I F ( D A B S ( X L A S - X ) - G T - T O L E R )  GO TO 5 

C 
C I F  X IS THE SAME AS THE PREVIOUS VALUE, THE FOLLCWING 
C CALCULATIONS C A N  BE CPlITTED 
C 

REX = REXOMU(K)*ALPLSX*(POTHAF(K) + ONEMIX*RHELP(K)) 
QMCONV(K1 = CONDUC(K)/AlPLSX*REX**RENUX 

C 
C .SAI"IEAR = 'SAME AREA' 
C 

SAMEAR = -TRUE- 
GO TO 3 0  

5 CONTINUE 
ALPLSX = ALPLSX + OELX 

SAMEAR = -FALSE- 
O N E M I X  = 1 - D O  - X 

c 

C 
C Nak ME A R E  AT A NEW AREA 

30  CONTINUE 
SUM = O.DO 
REX = REXEQ*ALPLSX*(POTHAF(l)+ONEMIX *RHELP(l))/XMUGI 

C SCON = R E ~ U K * X L A M G s ( T C I G s T F L M E - 2 7 3 , 1 5 1 / X L  
* Q 1  = SCCN*REX**RENUX/ALPlSX 

QM = a i  
TERM1 = DSQRT(TREF/TAU)*QM 
SUM = DELT*TERMl 
QMSURF = 0.00 
DIFF = TAU 
IF ( N  - 3) 35r10110 

10 CONTINUE 
C 
C THIS LOOP INTEGRATES THE HEAT FLUX THROUGH TIME TO GET THE 
C SURFACE TEMPERATURE 
C 
C HERE ADVANCING M CORRESPONDS TO ADVANCING TIME- 
C 

. 
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DO 20 Mz2.K 
DIFF = DIFF - DELT 

C 
C 
C 

40 

C 
C 
c 
C 
C 

C 

IF THE SAME X A S  IN THE P R E V I O U S  PASS THROUGH THE SUBROUTINE IS 
BEING EXAMINED, THE NEXT TWO STATEMENTS ARE 8YPASSED 

IF (SAMEAR) GO TO 40 
REX = REXOMU(M)*ALPLSX*(POTHAF(M) + CNEMIX*RHELP(M)) 
QI*;CONV(W) = CONDUC(M)/ALPLSX*REX**RENUX 
CONTINUE 
QM = QMCONV(M1 + QMSURF 
TERM2 = SQ(N-M)*QM 
TINT = (TERM2 + TERM1)/2,DO 
T E R M 1  = TERM2 
SUM = SUM + DELT*TINT 
TS = THERM*SUIY 

IF THE SURFACE TEMPERATURE IS LESS THAN 40% OF THE IGNITION 
TEMPERATURE, THE SURFACE HEAT RELEASE TERM NEED NOT BE 
CALCULATED 

!F!TS-LT-TIG4! GC! TO 20 
QPA = Q * P R O D E N * A S  

C EOVERR = - E / K  . 
C SAVEXX = 273.15 + TSO 

QMSURF = QPA*DEXPIEOVERR/(TS+SAVEXX)) 

TINT = DSQRT(2.D0*CHAR/DELT)*QM 
SUM = SUM + DELT*TINT 

35 CONTINUE 
TS = TSO + THERM*SUM 
XLAS = X 
RETURN 
END 

20 CONTINUE 
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SUaRGUTINE FLOIG 
' C  SUBROUTINE SUPPLIES THE IGNITER EFFECTS 

C IT' IS THE REAL TIMET IN SECONDS- 
C THE NEXT THREE STATEMENTS EXPRESS THE IGNITER MASS FLOW RATE AS A 
C FUNCTION OF TIME--THE SECOND STATEMENT* WHICH IS A QUADRATICALLY 
C DECREASING FUNCTION* USING THE FCLLOWING AS INPUT CONSTANTS--- A T B ~ C T  
C OTTO- 

DIMENSION S ( 2 0 0 0 ) ~ ~ ( 2 0 0 0 ) ~ T ~ ~ P ( 2 0 0 0 ) r R H E L P ( 2 0 0 0 l r K ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
~ C O N O U C ( ~ ~ ~ ~ ) T ~ U R F U S ( ~ ~ ~ ~ ) ~ Q M C O N V ( ~ ~ ~ ~ )  
DIMENSIGN P R E S ( ~ ~ O ) I B R A T € ( ~ ~ O ) ~ R A T E ( ~ ~ ~  
DOUBLE PRECISION TGIFEt X T  XLTALPLSXT REXI REi?UXp 

1 Q T  DELTt TREFT AT1 TSOT THEKM, TST TAUT TCIGt 
2 TEMPT GAMMA, PMIG? TMIG, TEMPY. ATIGT PEQI CSTART GIMp 
3 s t  S Y T  DELXT REXEQI PT RHELPT DPGTT DTDTT AN1 
4 TOLERI PYtETPREST TFLME- PLALT TLALpPLALHltTLALPl1r CONST, 
5 BCONT SCONTCSTARI p A T  BT ct 01 TOTPROCENT 
6 AST E T  R t  TIMET RXTXt QPAtUCHCKEp TREFlr FLOMo 
7DELREFv rSAVE%XI CONDUC t 
8 R E X O M U T  XMUGTQMCONVt CHART FLEQt TIGNNTVISCCSt XLASt T I G ~ T  
9 PRES* BRAT€* KATET REQT K E N U K t  XLAMG 

QMpQMSURF TEOVERRT SURFUS r XLkPlGI T XI4UG I 

DOUBLE PRECISION DSQRT? CAB59 DEXPTDFLOPTT DLOG 
CCMMCN R E N U K T  XLAMC, TOIfEn X I  XLvALPLSXv REXI REilUXt 

2 TEHPt GAMMA, k 'H IGT TNIGT TEMPYt ATIGT Q E Q T  CSTAKt GIMt  
3 S T  SYT DELXT K E X E Q r  P I  RHELPI DPCTT DTDTI AN T 

4 TOLERT PY~ETPAEST TFLNEt PLALT T L A L ~ P L A L P ~ T T L A L M ~ T  C O N S T T  
5 BCONv SCCNtCSTARIv A I  61 CT 01 TOT PROCENT 
6 A S T  E ?  K t  TXMET RXTXT CPAtUCHCKET TREFlt FLCNT 
7DELREFv Q M ~ Q M S U R F T E O V E R R ~ S U R F U S T X L A M G I ~ X / ' ~ U G I  TSAVEXXTCONCUCT 
8KEXUfiUt XMUGTQMCONVT fLEQt TIGNNT X l A S t  TIG'tt 
9 PRESS BRATET RATET REQtPREEXP. 
COMMON CUP K T  NDSt ITN 
CQKMCN NPOINT 

1 Q T  DELTT TREFT AT, T S O t  THERMt T S t  TAUT T C i G T  

IF(TAUoLToUCH0KE) GO TO 800 
C 
C 
C 
C 

If THE IGNITER HAS UNCHOKEOT THE CHARACTERISTIC TIME HAS 
INCREASED DUE TO THE ADDITIONAL VOLUME 

TIME = UCHOKE*TREF + (TAU - UCHOKE)*TREFl 
GO TO aoi 
TIME = TAU*TREF 

IF [T!MEoLToTO) GIM = FLOW 
IF ((TIMEIGTITO).ANDIIT~M~.~T.D)) G I M  = C + T I P E * ( B  + TIME*AI 
IF (TIMEIGToD) GIM = 0.0 
PMIG = TIGNN*GIM/FLEQ 
IF ( r i - E a - 1 )  GO TO 901 

800 CONTINUE 

801 CONTINUE 

TMIG = PMIG/TIGNN*(GAMMA*TIGNN - TEMP(K) 1 
RETURN 

TMIG = PMIG/TIGNN*(GAMMA*TXGNN - TEMP(1)) 
RETURN 
END 

901 CONTINUE 
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' C SUaKOUTINE ' F L O I G ' .  
DOUBLE P R E C I S I O N  X I  Y? A t  0 1  C? Zt 

1 D t  T O 7  FLOWpUCHOKE 
DIMENSXGN X(3)1Y(3) 
READ(5,lOO) XvYtUCHOKE 

2 = (Y(2)-Y(l))/(X(2)-XCl)) 
A = ((y(3)-Y(l))/(X(3)-X(l))-Z)/(X(3)-X(2)) 
8 = Z-A*(X(ZI+X(l)) 
C Y(l)-AsX(l)*rZ-B~X(l) 
FLOW = Y(1) 
TO = X ( 1 )  
D = X ( 3 )  
RETURN 
END 

100 FURHAT(8F10.0) 



REAL FUNCTION PN*8(PR) 
DIMENSIGN S ~ 2 O 0 0 ~ ~ P ~ 2 0 O O ~ ~ T E M P ~ 2 O O O ~ ~ R H E L P ~ 2 O O O ~ ~ R E X O M U ~ 2 ~ O O ~ ~  

l C O N C U C ( 2 0 0 0 ) ~ S U R F U S ( 2 0 0 O ~ ~ Q M C G N V ( 2 0 0 0 ~  
DIMENSION PRES(lOO)rBRATE(lOO),RATE(99) 
DOUBLE PRECISION TDIFE, XI XLIALPLSX, REX, R E X b X ,  
1 Q. DELT, TKEFt AT, TSOp THERM, TS, TAU, TCIG, 
2 TEMP, GAMMA, PMIG, TMIG, TEMPY, ATIG, PEG, CSTAR, G f M ,  
3 S ?  S Y ?  DELX, REXEQ, P, RHELPV D P C T ,  GTDTI AN ? 

4 T O L E R ,  PY,ETPRES- TFLME, PLAL, TLAL,PLALK1,TLALPlt CCNST7 
5 BCCN, SCONICSTARI t Ai B ?  C, 0, TO,PROCEN, 
6 AS, E ,  Rp TIME, RXTX, QPA,UCHOKE, TREF1, FLOW, 
-IDELREF, QM,QMSURF~EOVERR,SURfUS,XLAMGI,XMUGI ,SAVEXXvCONDUC. 
8REXOflUV XMUG,QMCONVt CHAR, FLEQt TIGNNwVXSCGSt X L A S I  TIG4r 
9 P R E S ,  BRAT€, RATE# REQt RENUK, XLAMG 
DOUCLE PRECISION PR 
DOUBLE PRECISION D S Q K T I  DABS, DEXPIDFLOATI OLOG 
COMMON RENUK, XLAMG, TOIFE, X ,  XLpAtPLSXs HEX, RENUXI 

1 Q I  DELT, TREFt AT, TSO, THERM, T S ,  TAU, TCIG, 
2 TEMP, GAMMA, PMIG, TMIG, TEMPY, ATIG, PEL!, CSTAR, GIM, 
3 st SY, D E L X .  RtXEQ, PI RHELP, D P C T ,  DTDT? AN, 

6 AS 9 E t  RI TIME, R X T X t  CPA,UCHCKEt  T R E F l ,  I E l  L ” . . I  l - w -  

4 TOLERi PYpETPKESt TFLME, PLAL, TLAL,PLALNlvTlALML* CONST, 
5 BCCN. SCCNICSTARII A t  6, C, 0, TOtPROCENt 

-IDELREF, Q M ~ C j M S U R F , E O V E R R ~ S U R F U S , X L A M G I ~ X N U G I  rSAVEXXpCONDUCt 
8REXOMUI XMUG,QMCONV* FLEQr TIGNNT X L A S ,  T I C 4 9  
9 PRES* BRATE, RATE, REQtPREEXP 
COMMON N, K t  NOS, ITN 
COMMON NPOINT 
I = O  
CONTINUE 
I = I + 1  
IF ((PR-PR€S(I))-LT-O.DO) GO TO 1 
IF (1-LT-NPOINT) GO TO 2 
CONTINUE 

PN = B R A T E ( I l ~ ( P K / P K E S ( L I ~ ~ * R A T ~ ( ~ - l )  
GO TO 5 
CONTINUE 
PN = BilATE( 1 )  * (PR/PRES (1) ) * * R A T E  ( 1 )  
CONTINUE 
PN = PN/REQ 
RETURN 
END 

I F  (1-EQ-1) GO TO 3 
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